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iTo my family.
This thesis investigates the behaviour of timber-concrete composite beams 
with mechanical shear connectors. The analysis of these structures is 
complex due to the discontinuity caused by slip at the interface between 
the timber and concrete and can only be achieved by the use of 
sophisticated analytical techniques.
A literature review has been carried out highlighting the fact that only a 
limited amount of theoretical and experimental work exists on timber- 
concrete composite beams. The fundamental objectives of this study were 
to develop suitable analytical and experimental models so as to better 
understand the behaviour of these structures. Fifty seven push-out 
specimens and seven beams were tested in order to determine the 
ioad/siip characteristics of the coach screw connectors and how these 
influence the behaviour of the beams. It was found that the bond and 
friction at the timber-concrete interface had a significant effect on the 
behaviour of the joints and beams.
Analyses were carried out using a fully non-iinear finite element package. 
LUSAS. The finite element model developed consisted of standard two 
dimensional elements and the results from the beam tests were used in a 
validation exercise, in general, good agreement was obtained for the 
stiffness of the beams throughout their loading history. Studies were carried 
out using the analytical model to determine the influence of the main 
parameters on the stiffness of the beams. The connector stiffness and timber 
properties were found to have a strong influence while the concrete 
properties were not significant at working load level.
Further analytical studies were carried out for a wide range of geometric 
properties. The information obtained was used in the formulation of a design 
procedure which allowed for slip at the interface of the beams. 
Recommendations are included for future research on timber-concrete 
composite beams.
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INTRODUCTION
1.1 GENERAL
Composite action in structures may be considered as the "structural 
interaction of eiements using either different or simiiar materials". Often 
referred to as composite construction, it includes steel-concrete beams, fully 
or partially encased columns, concrete-over-concrete beams, timber- 
concrete beams, layered wood systems and many more.
The principle of composite construction is the arrangement of different 
structural elements in an optimum geometric configuration, with the aim 
that the optimum properties of each material will be utilised by virtue of its 
designated position. This principle has been in use in bridge construction 
since the beginning of scientific design. However, modern technology has 
made many special uses of the composite idea to make construction faster 
and more economical. The primary appeal of composite construction is 
economy since these structures have a higher strength/weight ratio when 
the materials are acting compositeiy. Among the other major advantages 
is the fact that when the materials act compositeiy the structures are stiffer 
so they suffer less deflection, and they may be made shallower than if non­
composite. Tests have been conducted on this type of construction in the 
United Kingdom from as early as 1914 (11,51). However, it was not until the 
1950s that composite construction became generally accepted by 
engineers for bridges and then during the 1960s for buildings.
The most widely used form of composite construction is steei-concrete, 
especioiiy in beams. Concrete normally forms the compression flange of 
such beams with the steel forming the web and tension flange. In countries 
where hardwood is cheap and readily available steel is relatively expensive. 
This has led to the limited use of timber to act as a composite with the 
concrete resulting in substantial savings. As a result, increased interest has 
been shown in this type of construction.
The use and capability of timber-concrete composite beams are quite 
different from those of steel and concrete. The span and size of beams 
made of timber are limited and as such these structures can be used only 
over relatively short spans, unless glue laminated. These limitations do not 
apply to  steel, therefore, steel-concrete beams can be used over much 
larger spans and to resist heavier loads.
These two materials, timber and concrete, are well adapted to the 
character of the stresses which each is called upon to develop. The use of 
concrete for the upper or compression side of the beam provides a 
material effective in withstanding compression, while timber, which is 
notably strong in tension and equally adapted to compression, is used 
mainly for the former. Figure 1.1 shows typical stress/strain curves for timber 
and concrete.
Timber-concrete composite construction was first used during the early 
1930s in the United States of America (52). A number of these structures 
were built and by 1943 it was reported that there were one hundred and 
eighty structures with a total length of 20000ft in more than a dozen States 
of the USA and in Canada (31, 48). However, timber-concrete composite 
beams never became popular. This may be at least partly due to the fact 
that design codes never evolved making it difficult for engineers and clients 
to be confident In its use.
Two general types of timber-concrete composite beams are in use. in one.
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Figure 1.1 Typical stress/strain curves for concrete and timber.
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a concrete slab is supported on and connected to a series of timber 
stringers spaced some distance apart to produce a series of paraiiel T- 
beams. This type is used where iarge timber sections are commonly 
available. The second type is the slab deck. This consists of nominal two 
inch thick timber, usuaily noii-iaminated with the wide face vertical, and a 
concrete section cast monoiithicaliy in place. Grooves are formed by using 
alternate laminations that differ in width by two inches or by fabricating 
panels with a two inch offset between laminations (Figure 1.2).
1.2 BACKGROUND TO THE INVESTIGATION
Most of the timber bridges along the highways of Guyana are of the girder 
or stringer type. These consist of solid sawn timber, designed as beams with 
lateral bracing, supporting a solid deck system. The decks generally span 
in the transverse direction and consists of planks three to four inches thick 
and about 12 inches wide, spiked individuaiiy to the stringers. The decks are 
then covered with a bituminous wearing surface.
As traffic passes over these bridges the timber deck deflects more than the 
bituminous surface because of the difference in flexibility of the materials. 
This leads to the formation of cracks in the bituminous surface, which 
eventually develop into holes (Figure 1.3). The timber deck is then subjected 
to wetting and drying from the weather, resulting in the decay of the 
structure (Figure 1.4). As a result the life of such bridges is shortened 
considerably, unless regular maintenance is carried out.
One of the solutions to this problem when proper maintenance is lacking is 
the use of reinforced concrete bridges. This has been tried and found to be 
very expensive. The timber bridges mentioned have a relatively low initial 
first cost, short service life and a high maintenance cost. What is needed 
therefore, is a structure in what might be termed an intermediate cost 
range with on improved durability. The timber-concrete composite structure
Î 150mm
750mm 750mm
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Figure 1.2 Types of timber-concrete composite beams showing typicoi 
dimensions.
Figure 1.3 Cracks and holes in the bituminous wearing surface covering the 
timber bridge deck.
IFigure 1.4 Decay in the stringers and deck.
satisfies this need. Some of the apparent advantages for a design of this 
kind are:
(a) the concrete roadway acts as a fireproof and waterproof cover thus 
reducing both the fire hazard and the tendency for the timber to 
decay,
(b) the monoiithicaliy placed deck adds stiffness to the stringer system 
reducing the likelihood of excessive deflections under load with the 
consequent tendency towards the formation of cracks in the 
roadway surface,
(c) the integration of the two materials makes it possible to space 
expansion joints at a considerably greater distance, thus greatly 
enhancing the riding properties of the deck,
(d) the concrete deck is made to act as a beam flange thus materially
reducing unit stress in the timber and therefore, adding to the life of
the structure since high stresses in timber increase its tendency to 
check and thus promote disintegration from decay, or
(e) a size of lumber which is low In cost In comparison with the sizes
ordinarily required for stringers can be utilised, and
(f) initial cost can be reduced to a point to make it economically sound 
for many locations compared with the concrete or steel alternative.
The advantages outlined above make this form of construction an 
attractive solution for the problems being encountered with timber bridges. 
The amount of Information available on the behaviour and design of 
timber-concrete composite beams is however very limited. It was therefore 
felt that further investigation ought to be carried out in order to gain a 
better understanding of the behaviour of these structures, thus enabling 
suitable design methods to be developed with the aim of replacing existing 
timber bridges.
1.3 BEHAVIOUR OF TIMBER-CONCRETE COMPOSITE SYSTEMS
The timber-concrete beam discussed above can be considered composite 
in as far as the various components are connected to act as a single unit. 
The structural performance depends on the extent to which composite 
action can be achieved. The procedures commonly employed to analyze 
this type of beam is based on the assumption of rigid Interconnection 
between the timber and concrete. If the members are connected by 
strong adhesives the assumption of rigid interconnection Is reasonable. 
When mechanical connectors are used this assumption Is questionable. In 
the past, in the analysis of such problems, only limited consideration has 
been given to the effects of Interlayer movements which occur as a result 
of the deformation at the connectors. This interlayer movement or slip can 
significantly affect the overall behaviour of o structure. This is illustrated in 
Figure 1.5 which shows the reduction In deflections and strains due to 
composite action between sections of similar material end geometric 
properties.
/
Non-composite structure 
Central deflection = 4 units 
Rel. maximum strain -  2
Strain Composite structure
Central deflection = 1 unit 
Rel. maximum strain = 1
Strain
Each structure consists of two identical beams marked at equal intervals.
Figure 1.5 Composite and non-composite beams under equal loads.
The presence of interface slip (shown as displacement of the vertical marks 
between beams) can also be observed from the figure. It follows that rigid
connections at the interface tend to eiiminate slip and hence ensure 
greater composite action, in practice, such connections are known as by 
shear connectors. Their purpose is twofold;
(a) to transfer shear between the materials, thus limiting slip at the 
interface so that the system acts as a unit with one neutral axis, and
(b) to prevent separation of the materials at right angles to the interface.
Various types of shear connectors have been used in timber-concrete 
composite beams. These include spikes, triangular metal plates, pipes, 
dowels, coach screws, reinforcing bars, daps and grooves cut Into the 
timber, and epoxy glue. With mechanical shear connectors there is always 
slip a t the Interface of the beam. This is primarily due to crushing of the 
timber fibres and concrete in the region of the connectors and, to a lesser 
extent, the flexibility of the connector. As a result, full composite action is 
not achieved. The degree of composite action is dependent on factors 
such as the type and spacing of the connectors, strength of the surrounding 
materials and the loading.
1.4 THE RESEARCH PROGRAMME
1.4.1 General
Previous work on timber-concrete composite beams has been mostly of an 
experimental nature aimed primarily at determining the capacity of beams 
with various types of shear connectors. To date, there Is no established 
design code for timber-concrete composite beams and the development 
of such a code must be based on a sound knowledge of all the factors 
which affect the behaviour of these structures. Such knowledge can be 
obtained from experimental work or advanced numerical techniques.
in many cases, numerical analysis is a more economical and expedient
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alternative to laboratory testing. However, if numerical analysis is to become 
an acceptable alternative to experimental work. It must provide results that 
are, for practical purposes, comparable to the corresponding experimental 
data. This may be achieved if the analysis can account reallsticaiiy for the 
material and geometric properties of the various components of the 
structure and the interactions among them.
The finite element method is well known for its ability to account for such 
effects and has been used extensively for the linear and non-linear analysis 
of many complex structures, including composite bridges. If a suitable 
model can be developed, then experimental testing could be restricted to 
providing data for the analysis and validation of the proposed model.
It was in recognition of the need in Guyana for the development of 
economic bridge forms that this research was Initiated. Motivation has also 
stemmed from the fact that within recent years research work has been 
going on in parts of Asia on timber-concrete composite structures. It is 
hoped that the work presented here will contribute significantly to the state 
of knowledge of the behaviour of these structures.
1.4.2 Objectives and scope
The objectives of the research presented here were to:
(a) develop suitable analytical and experimental models for timber- 
concrete composite beams,
(b) determine the influence of the important parameters on the 
behaviour of these structures by means of a parametric study based 
on the analytical model developed,
(c) develop suitable design equations using the information gained from 
the experimental and analytical studies, and
(d) make recommendations for future research on timber-concrete 
composite beams.
n
Since greenheart is most widely used in the construction of heavy timber 
structures in Guyana, aii of the structures tested were made from this 
material. Concrete with a mix proportion of 1:2.8:3.6 by weight and a w /c 
ratio of 0.7 was used throughout. However, the modei developed is 
applicable to the analysis of timber-concrete composite beams made with 
other species of timber and concrete mixes. Only T-beams are considered 
in this research, but the model can be extended to include slab decks.
1.4.3 Layout of thesis
Chapter one has attempted to provide a concise background and 
introduction to the subject matter of the thesis.
Chapter two provides a literature review of the theoretical and 
experimental work that has been carried out on timber-concrete composite 
beams and a brief look at work done on other types of composite 
structures. Also presented is a brief review of the main analytical techniques 
that are used in structural analysis.
Chapter three describes the preparation, instrumentation and testing of the 
push-out specimens. The results of the tests and a discussion are also 
presented, together with the results of the material tests.
Chapter four is concerned with the preparation, instrumentation, and 
testing of the beams. The results of the tests and a discussion are also 
presented.
Chapter five gives a brief description of the finite element package (LUSAS) 
used in the present work. The finite element model is also described and a 
validation of both the package and the model against experimental results 
is included.
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Chapter six presents the study of the effect of the main parameters on the 
behaviour of timber-concrete beams.
Chapter seven reviews the design methods avoilabie and shows how the 
Information gained from the experimental and analytical work was used to 
formulate design equations. A general discussion of the thesis is also 
presented.
Chapter eight contains the conclusions drawn from the work presented in 
this thesis, and includes suggestions for future work.
13
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LITERATURE REVIEW
2.1 INTRODUCTION
The objective of this chapter Is to review previous work published on timber- 
concrete composite beams. This includes both theoretical and experimental 
work. The presentation is not exhaustive, but emphasis is placed on the 
more Important works and methods of analysis.
2.2 ANALYTICAL APPROACHES
2.2.1 introduction
The finite difference and finite element methods are two of the more 
popular analytical techniques used in structural analysis. Because of 
advances in computer technology the finite element method has increased 
in popularity at the expense of the finite difference method. Although the 
finite difference method is not used in this project, because of its 
importance, it is felt necessary to give a brief review of Its use.
2.2.2 Finite difference approach
The finite difference method is a powerful tool for solving differential 
equations numerically, in this method the structure is divided into a mesh 
and the displacement at the nodes obtained by expressing the governing
14
equations (made up of derivatives) as differences. Because the process is 
one of numerical differentiation it has the disadvantage that large errors 
con accumulate. Another disadvantage is that the displacement function 
is applied across the entire structure and cannot vary from one subdivision 
to another. The equations are solved by means of an iterative process.
Mungwa and Kenmou (34, 35) are among those who used the finite 
difference method to analyze composite beams. Some structures are 
however so complex that It is difficult or even impossible to determine the 
governing differential equations. A powerful method for the analysis of such 
complex structures is the finite element method.
2.2.3 Finite element approach
There are striking similarities between the matrix stiffness method and the 
finite element method and that has contributed towards the popularity of 
finite elements among structural engineers. The basis of the finite element 
method is the representation of a structure as a finite number of line, two 
dimensional, and/or three dimensional subdivisions called finite elements. 
These elements are Interconnected at joints called nodes. The external 
loading is transformed into equivalent forces applied to the nodes, and the 
behaviour of the elements is prescribed by relating their response to that of 
the nodes. The elements can have different material properties, or mixed 
elements can be adopted to model different parts of the structure. The 
accuracy obtained depends on the elements adopted, the mesh density 
and the compatibility conditions applied along the element boundaries. 
The method can be considered in three basic steps: discretization of the 
structure into elements; establishment of the behaviour of the elements, 
usually in the form of force-dispiacement relations (stiffness matrix); and the 
assembly and solution of the element array. Ansourian (2), Hirst and Yeo 
(23), and Razaqpur and Notai (47) are among those who have applied the 
finite element method to the analysis of composite structures.
16
2.3 PREVIOUS WORK
2.3.1 Experimental research on timber-concrete composite beams
The earliest reported tests on timber-concrete composite beams were by 
Seiler (52) in 1933. These tests were conducted in the structures laboratory 
of George Washington University at Washington, D.C., and were as a direct 
result of the increasing interest shown in developing such a beam in the 
previous years. The main objectives of the tests were to determine the 
efficiency of the beams and to establish a basis for design. Since the 
working stresses of timber and concrete were already known it was 
necessary to determine the working stress and efficiency of the shear 
connectors.
The shear connectors used consisted of triangular steel plates 3% inches 
across the top by 3V2 inches in height stamped from 3/32 inch steel plate. 
Six push-out tests were carried out, with two of the specimens having no 
shear connectors in order that the contribution of the natural bond and 
friction between the timber and concrete towards to the resistance of 
horizontal shear could be determined and proper allowance made for in 
design. The specimens were examined after the tests and it was found that 
failure occurred due to bending in the connectors.
Two types of composite beams were included in the tests (Figure 2.1). Both 
were made using Southern yellow pine lumber spiked together. The beams 
were 121A inches in width and spanned 12ft. The concrete forming the top 
portion was a 1:1.5:3 mix. Five beams were included in the tests, four of 
which were composite and one a plain iaminated wood control beam. 
Figure 2.1 shows the detail and results of the beams. Beam 1 was tested at 
six days, beams 2 and 3 at seven days and beam 4 at eight days. The 
expected failure load was 20000lbs in each beam.
Evaluation of the stresses in the timber and concrete showed that the full
16
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Figure 2.1 Details and results of beams tested by Seiler.
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strength were developed in both materials at the ultimate load of the 
beam. It was therefore concluded that, if properly designed, the full 
strength of timber-concrete beams may be developed, and that these 
sections would be suitable for bridges, piers, wharves, etc., for spans up to 
30ff.
Richart and Williams (48) reported on tests carried out in the Talbot 
laboratory, University of Illinois, in the period 1938 to 1942. Thirty two beams 
of the slab deck type were tested, the objectives being to:
(a) compare various types of shear connectors,
(b) determine the effect of repeated loadings, and
(c) determine the effect of age.
Triangular plates, railroad spikes, lag (coach) screws and daps (grooves) in 
the timber were used as shear connectors, in some of the beams the angle 
of the connectors varied. Figure 2.2 give details of the beams tested. Two 
of each type were tested. The timber used was dense shortleaf yellow pine 
of structural grade, impregnated with creosoted oil, and the concrete was 
1:3.26:4 by weight and a w /c ratio of 1.0 by volume.
Prior to  testing the beams push out tests were conducted on the triangular 
plates and the lag screws at the angles used in the beams. It was found 
that the connectors sloping in the direction of the applied load produced 
the highest resistance. This is because the lag screws were acting in tension 
as well as in shear and bending. Due to the tension, the screws pulled the 
adjoining sliding surfaces together, thus increasing the frictional resistance 
between the surfaces.
Table 2.1 shows the results of the tests conducted on the beams. It was 
found that the beams with triangular plates and spikes gave the best results 
as a group. They developed high load, good integral beam action and 
small deflections. Most of the other shear connectors gave satisfactory
18
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strengths and stiffnesses. It must however be token Into consideration that 
since the spacing of the connectors was arbitrarily selected the maximum 
beam loads do not necessarily Indicate the relative effectiveness of the 
different shear units. The beams tested after 2V2 years of storage under their 
own dead weight showed no noticeable effect from this treatment. Their 
strengths were very similar to those tested when twenty eight days old.
In the beams subjected to repeated loadings, 50 cycles of the estimated 
working load (20000lbs) were applied In Increments. The, load was then 
Increased to SOOOOIbs and another 50 cycles applied. In general very little 
Increase In deflection and slip were found at the working load. At 2.5 times 
the working load (50000lbs) the deflection at the beginning of the cycle 
averaged 0.5 Inch and at the end It had Increased to 0.59 Inch.
Among the conclusions reached were that triangular plate units combined 
with spikes produced the most satisfactory results and that the shear 
connectors should be designed to carry the full horizontal shear, bond and 
friction between the concrete and timber being neglected.
At about the same time as Richart and Williams, McCullough (31) reported 
on tests conducted on 22 T-beams In Oregon. The tests were divided Into 
two series, series one comprised a 6 x 15 inch concrete flange and 4x14 
inch timber web, while In series two the concrete flange was 6 x 24 Inch 
and the timber web 6 x 16 Inch. Five types of shear connectors were 
employed as Indicated In Figure 2.3; method A, with % x 8 Inch spikes; 
method B, daps In the timber; method C, a combination of daps and 
spikes; method D, pipe dowels; and method E, flat steel plates. The beams 
were 16ft In length and were tested over spans of 15ft. The main objectives 
of the tests were:
(a) to determine the relative ultimate flexural strength and also the 
relative deflection of composite beams in comparison with plain 
timber beams of equal dimension and under applied load.
21
(b) to compare the various methods utilised for the shear connection, 
and
(c) to investigate the effects of repeated loads.
A comparison of the ultimate strength of the beams, grouped according 
to the type of shear connectors. Is shown In Figure 2.3, The beams with 
pipes for the connectors showed both the highest strength and stiffness, 
while all the other beams, with the exception of those using only daps, 
showed satisfactory results. Two distinct neutral axis were observed in the 
beams and this was due to the shear slippage at the Interface.
The main conclusions reached from this study were:
(a) the ultimate strength of a composite beam suitably connected Is at 
least tw ice that for the same materials and dimensions acting 
separately,
(b) the deflection of a composite beam will not be more than 25% of 
the corresponding deflection for a plain beam,
(c) repeated loads did not appear to have any detrimental effect on 
this type of construction, and
(d) the transformed section method yields results which, within working 
limits, are sufficiently accurate for all practical purposes.
PIncus (42,43,44) reported on two series of tests carried out on composite 
T-beams in 1969 and 1978. The timber and concrete were bonded together 
using epoxy glue. This was the first reported case of epoxy glue being used 
as the shear connector In timber-concrete composite beams. In the first 
series of tests conducted in Rio de Janeiro five beams were tested. The 
beams were up to 13% ft In length and up to 22 Inches In depth. The 
unreinforced concrete flange was precast and the timber web later glued 
on to It. The timber used was Paratecoma peroba commonly known as 
Peroba de Campo and native to Brazil. In beams 1,2 and 3 two lengths of 
board were used so as to double the width of the web. Beams 2, 3 and 5
22
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Figure 2.3 Details and results of beanns tested by McCullough.
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had additional reinforcing wood strips glued to the sides of the timber web 
and concrete slab. These were to provide additional shear transfer area 
from the ends of the beams to the loading at the third points. Figure 2.4 
shows details of the beams.
The second series of tests was conducted at the Structural Engineering 
laboratory at the University of Kentucky. Eight beams were constructed and 
tested. The timber used was Douglas Fir. Beams 1 to 4 were glued at the 
time of casting while the others were glued after the slab had hardened. 
Beams 1 and 2 had nails driven Into the wood to serve as supplementary 
mechanical shear transfer devices, while beams 5,7 and 9 had two boards 
as web. Additional reinforcing strips were used In beams 2 and 3.
Several modes of failure were observed in the test beams, sliding shear 
being the most dominant. This was due to tearing of a concrete layer In the 
longitudinal direction. The results of the tests are shown In Figure 2.4. The 
beams glued at the time of casting were found to be as well bonded as 
those glued after the concrete had set. Using the nails and the wood 
reinforcing strip served to Increase the shear capacity of the beams. The 
beams performed extremely well with composite action reportedly being 
observed in all cases up to final failure. It was concluded that this form of 
construction may be designed and built to carry substantial load before 
failure. The disadvantage is that It Is more costly than mechanical shear 
connectors.
In 1977 Unnikrishna Pillai and Ramakrishnan (53) Investigated the use of wire 
nails as shear connectors through tests on twenty eight push-out specimens. 
The tests were conducted In the Structural Engineering laboratory of the 
Regional Engineering College, Calicut, India and the objective was to 
determine If the wire nails which were cheap and easily available, and easy 
to Install, were suitable for use In composite beams.
The effect of several variables Including the concrete strength, the nail
24
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(3 )
^T£ST
inches"
(4)
Third point 
fa ilu re  
load -in 
kips 
(51
Failure mode® 
(61
B1 5,568 5.57 4,95 • 29.00 S lid ing shear fa ilu re  a t  v = 
402 psi
82 5.253 6,32 5.92 40,00 Sliding shear fa ilu re  a t v * 
248 psi
83 9.410 6.85 7.15 52,50 Sliding shear fa ilu re  a t v 265 psi
84 4,680 5,53 6.13 28,65 S liding shear fa ilu re  a t v * 
707 psi
85 4,590 6,82 5.57 49.80 Concrete flexura l compressive fa ilu re  at fj. = 5,800 psi
K1 752 3,17 3.23 5.37 S lid ing shear a t v = 398 psi
K2 761 3,20 3,25 7,51 Horizontal shear of wood stem 
a t V = 548 psi
K3 751 3.20 2,75 4,72 Horizontal shear of wood stem 
at V ■= 349 psi
K4 757 3,14 3.25 3,97 S liding Shear at v » 282 psi
K5 860 3,34 2,50 7.13 S liding shear at v « 296 psi
K6 210 2,25 1,90 1.12 S liding shear at v 125 psi
K7 236 2,93 3,20 3,62 Tensile fa ilu re  of wood stem a t f  = 3920 psi
K9 1,311 3,95 3.75 5,77 S lid ing shear at v » 202 psi
^Nominal stress values from V Q /lt or Hc/1 depending on fa ilu re  mode. For 
slid ing  shear, the term Q is the f i r s t  nctnent of the concrete area around the 
neutral axis while fo r horizontal beam shear o f wood stem the term Q includes 
a l l  material above or a l l  m aterial below the neutral axis.
^Term y ru rn  * the theoretica l distance from the outermost concrete fiber 
to the neutral axis and is  calculated in  (16); term *  the distance fron 
the outermost concrete f ib e r  to the neutral axis measured during testing.
Figure 2.4 Details and results of beams tested by PIncus.
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embedment, angle of Inclination of the nails, spacing and diameter of nails, 
bond conditions and repeated loading was studied. Figure 2.5a shows the 
schedule of the tests. The timber used In all the tests was Anjill, a native 
hardwood of Indio.
From the results of the tests It was found that the strength of the connection 
was Influenced In different ways by the variables mentioned. A summary of 
the test results Is shown In Figure 2.5b. From these a number of 
recommendations have been made, some of which are:
(a) the minimum spacing of the nails should be 10 times the diameter,
(b) the length of embedment of the nail into the concrete should be at 
least 25mm and the penetration into the timber should be at least % 
of the length of the nail, and
(c) the nails should be placed at an angle of 45° with the head pointing 
In the direction of shear on the timber.
Filial and Ramakrishnan concluded that the wire nail is suitable for use In 
timber-concrete composite beams. However the author of this thesis Is not 
aware of any such construction since their report.
In 1978 and 1979 Murthy and Rajendran (38, 39, 46) have together 
presented a number of papers on research carried out at the University of 
Singapore. Kapur, a Malaysian hardwood, was used In all the tests. In one 
series of tests (38) the objective was simply to compare the strength and 
stiffness of composite and non-composite sections. Mild steel bolts were 
used as the shear connection and the beams failed due to shear. As 
expected. It was found that the composite sections showed a much 
Improved performance with respect to both strength and stiffness.
In the other tests, beams made with vertical and horizontal connectors were 
compared. For the beams with horizontal connectors the timber rib was 
slotted Into the concrete flange over a small depth and mild steel rod used
26
SpecimenDesignation
Cone. Mix Nail Data (10cm long) Variable Under Study
Remarks
Spacing Projection,
cm
Direction
A-Series. (3mm die. noils)
A1.A2 1:2:4 6 3.5 straight standardspecimens
standardspecimens
ACl. AC2 1:3:6 5 3.5 straight concretestrength
ACS. AC4 1:1%:3 5 3.5 straight concretestrength
AST. AS2 1:2:4 10 3.5 Straight Nail spacing
API, AP2 1:2:4 5 2.5 straight nailembedment
ADI, AD- 1:2:4 5 3.5 inclined direction of nails
B-Serles (5mm dlo. noils)
B1.B2 1:2:4 5 3.5 straight standardspecimens
standard
specimens
BC1.BC2 1:3:6 10 3.5 straight concretestrength
BSl, BS2 1:2:4 7.5 3.6 straight nail spacing
BS3, BS4 1:2:4 7.5 3.5 straight nail spacing
BS5, BS6 1:2:4 3 3.5 straight noil spacing
BDLBD2 1:2:4 5 3.5 inclined direction of 
nails
BBl, BB2 1:2:4 5 3.5 straight natural
bond
bond
broken
BR1,BR2 1:2:4 5 3.5 straight repeated
loading
repeated
loading
Figure 2.5a Details of push-out specimens tested by Pillai and Ramkrishnan.
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as the shear connectors. The overall dimensions of the beams were the 
same (Figure 2,6). The beams with horizontal connectors were both stiffer 
and stronger than those with vertical connectors. This was probably due to 
the higher frictionai resistance between the surfaces of the timber and 
concrete due to the slotting of the timber Into the concrete.
Based on the results of these tests, equations were derived for the 
calculation of the moment of resistance of composite beams ailowing for 
slip at the interface. These are discussed in the following section.
At about the same time Salam (49) investigated the use of lightweight 
concrete in composite beams with timber. Rice husk was used as the 
aggregate and the density of the concrete was 40% less than that of 
normal weight concrete. The timber was Light Red Meranti, a Malaysian 
hardwood. The shear connectors were 10mm diameter mild steel bolts. 
Figure 2.7 shows the arrangement of the connectors in the beams.
The beams were tested to failure and the results are shown in Table 2.2. The 
observed failure load was found to be higher than the calculated ultimate 
load. This was probably due to the conservative estimate of the material 
properties. Beam 4 could not be tested to failure because of the capacity 
of the loading machines. All the other beams however failed by crushing 
of the concrete. The concrete slab of beam 4 was deeper than those of 
the other beams and increasing the depth of the concrete was therefore 
considered to be the solution to improving the performance of the beams.
The performance of the rice husk concrete was thought to be good and 
the estimate of the ultimate load reasonably accurate. It was also found 
that if sufficient connectors were provided the slip could almost be 
eliminated.
In 1984 Murthy (37) presented a paper highlighting the cost-effectiveness of 
timber-concrete composite floors. It was shown that they were both
30
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Figure 2.6 Details and results of beams tested by Murthy and Rajendran,
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Figure 2.7 Details of beams tested by Saiam.
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Table 2.2 Results of beams tested Salam.
Beam
No.
Dimensions
(mm)
Shear
connector
spacing
(mm)
Max. deflection Shear
stress
(N/mm^
No. of bolts
Theoretical
(mm)
Observed
(mm)
Theoretical Provided
B1 Concrete
279.0x43.4
Timber
70.5x143.0
100.0 13.2 16.9 1.46 8.4 18
B2 Concrete
279.0x41.4
Timber
67.2x143.0
150.0 13.3 19.8 1.47 8.1 12
B3 Concrete
279.0x46.5
Timber
69.2x143.0
200.0 13.1 19.8 1.61 9.1 10
B4 Concrete
279.0x56.2
Timber
69.3x143.2
250.0 11.3 25.0 1.86 10.6 8
Beam
No.
Ultimate load 
(calculated) (kN)
Failure load 
(observed) (kN)
Failure load/ 
Ultimate load
Slip at 
Interface
Type of 
failure
B1 36.8 46.4 1.26 No Crushing 
of cone.
B2 35.1 45.2 1.29 No Crushing 
of conc.
B3 39.4 42.0 1.07 Very
slight
Crushing 
of conc.
B4 44.4 tested up to 
52.0
1.17 Slight Could 
not be 
tested to 
failure
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cheaper and faster to construct than traditional reinforced concrete floors. 
Using the results obtained from earlier tests, timber-concrete composite 
beams were designed and constructed for a laboratory floor and staircase 
a t the University of Singapore. This resulted In savings of 46% and 55% of 
concrete and steel respectively when compared with the quantities that 
would have been required had a solid reinforced concrete floor been used.
2.3.2 Theoretical research timber-concrete composite beams
A limited number of theoretical Investigations of timber-concrete beams 
have taken place. The transformed section method has been used widely 
In the analysis and design of these structures (1, 37, 43, 48). Generally, this 
method yields reasonable results for loads within the working range. This is 
because the slip within the working range is usually small and, treating the 
structures as fully composite, with slip at the Interface being ignored Is 
approximately correct.
Based on the results of experimental work carried out on beams using both 
horizontal and vertical connectors, Rajendra and Murthy (39, 46) In 1978 
reporfed on equations they developed to determine the moment of 
resistance allowing for slip at the Interface. Two assumptions were made 
concerning the behaviour of the materials. These ore:
(a) the timber is within the elastic range under both tension and 
compression, and
(b) the stress/strain relation of the concrete is as given in CPU0 (13).
Equations are given for three cases to cover the possible states of stress in 
the concrete and timber. The cases considered ore:
(a) Case 1 - concrete under compression and tension and timber under 
tension only.
(b) Case 2 - both concrete and timber are under compression and
34
tension.
(c) Case 3 - concrete is under compression and timber is under 
compression and tension.
Theoretical responses were compared with experimental loads and the fit 
was very good. Figure 2.8 shows the theoretical and experimental 
load/curvature relationship for one of the specimens. Also shown is the 
theoretical curve for zero slip. The comparison shown was typical for all the 
beams tested.
As shown, the equations predicted the results of the beams very well. 
However, they have three drawbacks. These are:
(a) the strain difference at the Interface must be known (or assumed),
(b) the equations are cumbersome to work with, and
(c) the state of stress In the materials must be known (or assumed) in 
order to determine which of the three equations is applicable.
As such, these equations are not suitable for use In the design office.
In 1980 Zakarla (57) presented a thesis on a theoretical Investigation of the 
ultimate load behaviour of timber-concrete composite T-beams. The 
analysis was made on the basis of Incomplete Interaction between the 
timber and concrete. The load/slip relationship for the connectors was 
assumed linear. The stress/strain relation for timber and concrete In 
compression were assumed to be elastoplastic and a linear stress/strain 
relationship assumed for timber In tension. The ultimate load in the beam 
was taken as that at which the bottom fibre of the timber reached Its 
ultimate tensile stress.
The basic equations for the problem were derived from equilibrium and 
compatibility conditions In the form of differential equations with variable 
coefficients. A numerical method of analysis was used with the aid of a
35
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Figure 2.8 Comparison between theoretical and experimental results of one 
of the beams tested by Murthy and Rajendran.
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computer program. A parametric study was carried out to determine the 
effect of the connector stiffness, connector spacing and the load type on 
the behaviour of the beam.
Since there were no validation studies It is not possible to say how well the 
equations developed predicted the behaviour of the beam. The 
assumption of a linear load/slip relationship for the connector Is however an 
over-slmpllflcatlon and Is generally only valid at small deflections. Also, 
failure due to compression In the concrete or excessive slip a t the interface 
was not considered.
GIrhammar and Gopu (19] in 1991 developed a procedure for analyzing 
composite beam-columns of timber and concrete. The influence of slip was 
considered. They presented solutions for the Internal axial forces and 
moments, which act on the timber and concrete components, and the slip 
force for the first order (elementary) and second order (P-A) cases.
Because of the very cumbersome nature of the exact procedure for 
computing internal actions In composite beam-columns subjected to P-A 
effects, this Is not suitable for design applications. Approximate procedures 
were therefore developed and the results compared with the exact 
procedure. Figures 2.9 shows the comparison between the procedures.
More recently (1993), Mungwa and Kenmou (34, 35] presented papers on 
the Instantaneous and time dependent analysis of composite wood- 
concrete cross-sections using DIschinger's equation of state. Dischinger's 
method was used to model the variation of stress and strain over time by 
Incorporating both creep and shrinkage effects. Stress and strain vectors 
were assembled and the resulting differential equations solved by the finite 
difference method. Among the assumptions made was that the slip at the 
Interface of the timber and concrete was zero. This is never true with 
mechanical connectors and was only used to simplify the calculations.
37
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Figure 2.9 Comparison between approximate and exact methods by 
Girhammar and Gopu.
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It was shown that the Instantaneous behaviour depends on the geometrical 
properties of the cross-section only, whilst the long-term characteristics 
depended on the rheological behaviour of the materials.
2.3.3 Research on other types of composite beams
Goodman and Popov (20) reported in 1968 on the analysis of layered wood 
beams with interlayer slip. It was assumed that the slip permitted by the 
connector was directly proportional to the load transmitted. This was a valid 
assumption considering that the analysis was within the framework of small 
deflection theory.
The equations developed were compared to results from experiments and 
found to be good, in addition to deflection, experimental and theoretical 
strains were In close conformity.
Wilkinson (55) In 1972 reported on the analysis of nailed joints with members 
of dissimilar timber. Previous studies were for joints made of similar density 
materials. The effect of different nail shank types, nail holes and direction 
of loading with respect to the grain were considered. The equations 
developed were verified In tests on joints made using hard maple for one 
member and lodgepole pine for the other member. Different nail types 
were also used and the experimental and theoretical values compared 
well.
Wheat, Vanderbilt, and Goodman (54) went a stage further in 1983. They 
reported on the analysis of wood floor joists including the effect of the non­
linear force/slip relationship for nails. A finite element model was developed 
and the predicted results compared with those measured in an 
experimental study of 13 full-scale floors. Nine of the floors were loaded to 
failure by a single point load and the other four by a uniformly distributed 
load. Deflection comparisons showed the non-linear analysis to be better 
than earlier developed linear analysis for behaviour at Impending floor
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failure under short-term loading.
In 1971 Johnson and Oehlers (27) reported on a study the object of which 
was to deepen the understanding of the behaviour of stud connectors In 
steel-concrete composite beams, to provide a basis for the development 
of better methods of shear connection, partial Interaction design and 
fatigue life prediction. The results of 125 previous push-out tests from 
different sources were analyzed statistically and 101 new tests, four 
composite T-beam tests and a parametric study were completed. The 
Influence of the diameter of the studs, slab width, slab depth, compressive 
strength of concrete, height of stud and the spacing between studs on the 
maximum load per stud in a push-out test were investigated.
it was found that the diameter of the stud, width of the slab and the 
compressive strength of the concrete when large studs are used, are all 
significant. A computer program written by one of the authors was used to 
carry out a parametric study.
As a result of this study new equations for the design strength of studs were 
developed. These gave values up to 20% higher than existing equations. 
The height of the weld collar was also found to be significant with the 
strength of the stud Increasing as the height of the weld collar Increased 
from zero to 0.35 times the shank diameter.
Also In 1971 Menzles (32) compared the strength of shear connectors given 
In CPI 17 with the results of push-out tests made at the Building Research 
Station. Particular attention was paid to the effect of concrete strength and 
density on the static and fatigue strengths of connectors.
Tests were conducted on 34 push-out specimens with normal density 
concrete and 15 specimens with lightweight concrete. The concrete 
strengths ranged from 15 to 60N/mm^ in both coses. Resuits of the tests 
indicated that modification of strengths given In the Codes was desirable
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and can be given for concrete strengths up to 52N/mnn .^ Lightweight 
concrete with densities below 1400kg/m^ gave very low strengths. This was 
because of Inadequate Interaction with the connector and beam. Light 
weight concrete with densities between 1400 and 2300kg/m® showed a 
similar degree of Interaction to normal-density concrete, and as a result, the 
strengths compared well. The study confirmed the specification in the Code 
of Practice for the fatigue strength of stud connectors. It was also found 
that the strength of studs In lightweight concrete with densities between 
1400 and 2300kg/m^ was 90% of the strength of similar studs In normal 
density concrete.
Oehlers and Johnson (41) In 1987 presented a report on the derivation of 
the static strength of stud shear connectors In composite beams from the 
analysis of 110 push-out tests. This Included eight new tests In which 
measured axial loads were applied to the connectors. The prediction 
equation differed from those In Codes of Practice as it was In a form that 
allowed for variation in the strength and moduli of both connection and 
materials. This obviated the need to distinguish between lightweight and 
normal density concrete or to set limits to the stud material strength.
In 1990 Mottram and Johnson (33) reported on the results of 35 push-out 
tests using through deck welded studs, three types of profiled sheeting, and 
shot-fired pins. The existing and current draft Codes of practice at the time 
only gave resistance for studs embedded in slabs of uniform thickness. For 
profiled sheeting, a reduction factor was specified. No distinction was mode 
between studs welded through holes in the sheeting and the use of through 
deck welding.
This factor along with the effects of welding studs off-centre within the 
trough of the sheeting and placing studs 'side-by-slde', 'In line' or 
'diagonally' when two studs are In one trough were Investigated. It was 
found that studs placed off-centre of the trough can be up to 35% weaker 
than studs at the centre. Studs placed in line were also found to be stronger
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than in other configurations. The reduction factor for rib geometry in the 
draft Eurocode 4 was found to be unsafe and a replacement suggested.
More recently (1991) Johnson and Molenstra (26) reported on the use of 
partial shear connection in composite beams for buildings. The factors 
affecting maximum slip were Investigated and suggestions made for the 
prediction of slip capacities. The research was based on non-linear 
numerical analysis, test data and parametric studies.
It was recommended that slip capacity be taken as the slip a t which the 
shear resisted by the connector falls to 5% below its peak value. For single 
studs at the centre of troughs in profiled sheetings, the slip capacity 
depends on the profile. It usually exceeds that of a solid slab. Design rules 
were proposed based on the criterion that computed maximum slip should 
not exceed the slip capacity of the connector to be used. The modelling 
of shear transfer as continuous or discrete, and the inclusion or omission of 
uplift or shear strains had little Influence on the computed results.
2.4 SUMMARY AND CONCLUSION
This chapter reviewed some of the more Important works on timber- 
concrete composite beams that have been reported. It covered from the 
first published work on this topic in 1933 by Seiler to more recent papers In 
1993 by Mungwa and Kenmou. Work by authors on other types of 
composite beams were also very briefly considered.
It has been observed that most of the previous research was directed 
towards the comparison of different types of shear connectors and the 
determination of the ultimate capacity of timber-concrete beams 
experimentally. These studies yielded Information that Is limited to the 
particular materials and connecting system. No systematic follow up studies 
were undertaken to determine the effect of varying the important
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parameters on the behaviour of these beams. Therefore, in conclusion, it 
can be said that there is a definite need for such information in order to 
better understand the behaviour of timber-concrete beams.
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PUSH-OUT TESTS
3.1 INTRODUCTION
Efficient use of the structural materials In timber-concrete composite beams 
are obtained by maintaining interaction between the concrete slab and 
the timber beam with mechanical shear connectors. Screws and bolts are 
the normal methods of shear connection for composite T-beams made 
from these materials. As with most structurai connections, their development 
was mainly empirical and to date, there is no design rule.
Where used, the design of the connector Is based on the ultimate shear 
strength and the relationship between the load transmitted, P, and the 
slip at the interface, S. This Information should Ideally be obtained from tests 
on complete beams but a simpler specimen Is necessary in practice. Most 
of the data on connectors have been obtained from push-out tests (24) of 
the kind shown In Figure 3.1.
In the push-out test undertaken here, two small concrete slabs were 
connected to a length of timber by the connectors being tested (Figure 
3.1). The specimen was placed In a standard compression testing machine 
with the concrete slobs resting on the lower platen. A load was then 
applied to the upper end of the specimen and the slip between the timber 
and the concrete slabs measured by linear variable differential transformer 
transducers (LVDT's). The average slip was then plotted against the load per 
connector.
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Figure 3.1 Details of push-out specimens. X in the plan shows the 
position of the other LVDT’s.
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The strength of a connector Is influenced by the geometry and mechanical 
properties of the materials connected, type and spacing of the connectors 
and the degree of bonding at the interface between the two materials 
(27), The present tests on 57 push-out specimens with normal density 
concrete slabs were undertaken to investigate the effects of connector 
spacing, timber width and degree of bonding on the strength and stiffness 
of the connectors.
The following sections describe In detail the experiments and the analysis of 
the data. A discussion of the results and Its application Is also presented.
3.2 MATERIALS
The timber and concrete used In the experiments were tested to obtain 
their mechanical and physical properties. The objective of these tests was 
to obtain Input data vital for the finite element modelling and the analysis 
and design of the beams tested subsequently.
3.2.1 Timber
The timber used in all the tests was greenheart (Ocotea rodlael), a native 
of Guyana and classified In strength class 9 (SC9) according to BS 5268 (9). 
Greenheart is one of the strongest woods In tropical America. It Is hard, 
heavy, tough, strong and elastic. It is only about 50% heavier than English 
oak, but 100% harder, 140% stronger in compression and bending, and 120% 
stiffer In bending under gradually applied loads (6). The wood Is very 
durable. It does not decay If It is continuously submerged or dry. The most 
Important use for greenheart Is In marine and ship construction. It Is also 
particularly suited for uses where a heavy, hard, straight-grained, very strong 
and durable wood Is required, for example In bridges and flooring.
The pieces of timber, supplied by Holmes (Wragby) Ltd. of Southampton,
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were nominally 60 x 150mm and 75 x 150mm sections, 4m In length. Tests 
were carried out according to BS 5820 (10) to determine the modulus of 
elasticity, E, and the modulus of rupture (MOR). One full size (75 x 150 x 
4(X)0mm) piece of timber and twelve smaller pieces (37.5 x 75 x 1100mm) 
were tested. The smaller pieces were obtained from three different lengths 
of timber. In each case, a piece 1100mm long was cut off from the full 
length of timber and the cross section divided into four equal sections along 
the length. These pieces were tested as beams spanning 1000mm while the 
full length piece was tested over a span of 3900mm. In selecting the timber 
for testing, consideration was given to ensuring that they were of similar 
quality to those being used In the push-out specimens and the composite 
beams they were Intending to represent. After each test, samples were 
removed for moisture content determination.
The results obtained were:
E (N/mm^) MOR (N/mm^) MC (%)
Mean 26075 119.2 13.9
Standard deviation 1946 14.0 0.6
No. of samples = 13
Tests were later carried out to determine the specific gravity of the timber 
using samples from the push-out specimens and beams. These tests were 
carried out according to ASTM D2395-83 (4). Moisture content tests were 
also carried out at the same time and a plot of the results are shown In 
Figure 3.2. There were greater variations In the moisture content as 
compared to the earlier tests. This was primarily due to the position of the 
specimen within the piece of timber from which It was removed. The 
volume of the specimen was obtained by linear measurement and It was 
necessary that specimens were regular In shape with right angle comers. It 
was also Important that the specimens had no split or other physical defects
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Figure 3.2 Results of specific gravity (SG) tests.
and that the surfaces were smooth. Some of the specimens were therefore 
obtained from close to the edges of the timber while others were from a 
more central position. Hardwoods, such as greenheart, are known to lose 
moisture very slowly and as a result the moisture content Increases from the 
surface to the centre.
Conversion formulae relating specific gravity values for varying moisture 
content levels are given in ASTM D2395-83. This was used to convert the 
specific gravity at the various moisture contents to oven dry values (0% MC) 
and the results compared. The results and their effects on the push-out 
strength are discussed later.
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3.2.2 Concrete
Concrete with a mix proportion of 1:2.8:3.6 by weight and a w /c ratio of 0.7 
was used throughout the study. Four 100mm cubes were prepared from 
each batch of concrete used in the construction of the push-out specimens 
and beams. Two 150 x 150 x 300mm prisms were prepared and tested at 
the same time with each of the beams (Chapter 4) and the results are 
reported here. The prisms and cubes were covered with polythene for 
twenty four hours after pouring and then demoulded. They were then 
wrapped In hesslan and kept moist for seven days. After that, the prisms 
and cubes were allowed to air cure In the laboratory for a t least twenty 
one more days before being tested a t the same time with the push-out 
specimens and beams they represented.
The cubes were tested to determine the compressive strength of the 
concrete while the prisms were tested for the modulus of elasticity and 
Polsson's ratio. These tests were carried out in accordance with BS 1881 (7, 
8) and the results were:
Mean
Standard deviation
fcc(N/mm ) E(N/mm^) Poisson's Ratio
43.9
1.8
32379
1547
0.11 
9.9x1 O'®
No. of cubes -  128 No. of prisms = 14
3.2.3 Connectors
The connectors used were %"(16mm) x 4W(114mm) galvanised mild steel 
coach screws (Figure 3.3) supplied by Impact Power Tools of Redhiil, Surrey. 
This type of connector was chosen because it is readily available In the 
construction industry and also because of the relative ease with which it 
can be Inserted into the timber. The dimensions are also typical of those
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used In deck construction.
C Z O/V
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Figure 3.3 Coach screw.
The mechanical properties of the connectors were not needed for the 
analysis of the beams. However, since they were supplied In different 
batches and one set was galvanised, comparative tests were carried out 
to determine If they were of similar quality. These tests consisted of applying 
a vertical load to the centre of the connector, supported at It ends In a 
horizontal position and obtaining the load/deflection relationship. 
Connectors from each batch were selected at random and tested. The 
results showed no significant difference and as such, they were considered 
to be similar In properties.
3.3 PREPARATION OF TEST SPECIMENS
3.3.1 Overview
Table 3.1 gives details of the push-out test specimens. From tests conducted 
on push-out specimens using nails as the shear connectors, Unlkrishna Pillai 
and Ramkrishnan (63) found that for connector spaclngs of less than 10 x 
diameter (d) the load per connector a t failure decreases. It was therefore 
decided to use this (lOd) as the reference spacing for the present study,
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Tests were carried out at other spaclngs, both greater and less than the 
reference spacing, but fewer In numbers.
Initially tests were conducted at spaclngs of 8d and lOd. It was later found 
that Information was needed for spaclngs over a wider range and also on 
the contribution of friction and bond at the Interface to the performance 
of the structure. A second set of tests was therefore carried out on 
specimens with spaclngs of 5d, lOd, 15d and 20d. A sheet of polythene was 
p laced between the timber and concrete for some of the specimens with 
lOd and 15d connector spaclngs in order to prevent bonding and to 
minimise frictional forces.
Table 3.1 Details of Push-out Tests.
Group Label No. of Tests Timber Width 
(mm)
Bonding at 
Interface
P05d 3 75 Full
P08d 8 50 Full
POlOd 34 50 Full
POlOdPI 3 75 Zero
P015d 3 75 Full
POlSdPI 3 75 Zero
PO20d 3 75 Full
The number preceding d in column (1) relates to the connector spacing, e.g., 5d 
means a spacing of 5 x diameter. PI indicates that a sheet of polythene separates the 
concrete and timber.
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3.3.2 Construction
Figure 3.1 shows details of the push-out specimen. The timber to be used In 
the construction of the specimens was cut to the required length and the 
position for the connectors marked. The timber was then clamped In a vice 
with the face for the connectors being horizontal. Holes of the nominal 
diameter of the threaded part of the connector (Figure 3.3) were drilled at 
the marked positions to a depth of 75mm, particular care being taken to 
ensure that they were vertical. The connectors were then screwed In place.
From Figure 3.1 It can be seen that the end distance was lOd. This distance 
was kept constant for all the tests since It was considered that by reducing 
It there would have been an increased chance of the timber splitting. 
Because greenheart Is a very hard, straight grained wood, splitting can 
occur If considerable care Is not taken In the detailing and working 
processes and this Is often a major problem. The 300mm concrete width 
was chosen so that the results would be valid for beams with a narrow 
concrete slab (e.g., near openings or external walls) as well as for T-beams. 
The results cannot be assumed to be safe for beams where the flange 
width Is less and may be slightly conservative for wider flanges. The thickness 
of 75mm is at the lower end of the range used In practice. For heavy 
structures such as bridges and wharves this thickness will Increase to 150 - 
200mm.
For the specimens that had polythene at the Interface, a layer of adhesive 
tape was placed along the face after the holes were drilled. The polythene 
was then placed above the tape overlapping the edge of the timber, 
pulled tightly and kept in position by taping It to the sides of the timber. A 
small hole was then cut In the polythene above those drilled In the timber 
and the connectors screwed In.
The formwork for the concrete was constructed and connected to the 
timber, a sealant being used a t the connecting edges to make them
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watertight. The formwork was made such that the specimen would be cast 
In an upright position. Freshly mixed concrete was then poured In two 
layers, each layer being compacted moderately on a vibrating table. The 
specimens were prepared In groups of three along with four cubes.
Immediately after pouring the concrete, the specimens and cubes were 
covered with polythene, and remained covered for twenty four hours. The 
moulds from the cubes and the formwork from the specimens were then 
removed and they were wrapped In hesslan and kept moist for seven days. 
After that the specimens were allowed to air cure In the laboratory for at 
least twenty one more days before testing.
3.4 INSTRUMENTATION
Instrumentation was required to measure the slip along the timber-concrete 
interface throughout the loading history. Four LVDT's were fixed In brackets 
and screwed to the timber a t m id-depth of the interface. These were R.D.P 
free ungulded armature LVDT transducers type D5/2000 with a tota l working 
stroke of ±50mm. The LVDT's were certified by R.D.P Electronics Ltd to have 
a linearity better than ±0.15% of their working range. The plunger of the 
LVDT was arranged to bear against a piece of perspex attached to the 
concrete face with adhesive along the same line as the bracket holding 
the LVDT. Hence, any movement at that point along the Interface was 
translated Into a vertical displacement of the transducer plunger. Figure 3.4 
shows a typical push-out test setup.
The LVDT's were used In conjunction with an R.D.P Ranged Amplifier type 
E265 to provide an output signal for the data logger. The data logger used 
to record and store the experimental data was a 3530 ORION Data Logging 
System supplied by Solartron-Schlumberger Electronic Group Ltd. of 
Farnborough, England. An important feature of the ORION was that It could 
be programmed to give output directly In mm from the transducers and kN
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from the loading machine. This was achieved by Inputting for LVDT 
transducers and loads, conversion factors which were determined by 
carrying out calibrations of the measurement devices against known scales. 
Each LVDT was calibrated over Its working range by relating Its ORION 
digital output to factory made "slip" gauges. Similarly, the load was 
calibrated by relating the digital output on the ORION to the output on an 
R.D.P. Howden load indicator type E388 calibrated by R.D.P. Howden Ltd. 
Full control of the ORION was achieved by using keys on the front panel In 
conjunction with prompt messages appearing on the Integral display.
Any movement of the transducer plunger produced a voltage which was 
transmitted to the amplifier where It was amplified and transferred to the 
data logger. The signal was then converted to units of displacement, the 
value of which was directly proportional to the voltage received. Similarly, 
the signals received from the load Indicator was converted and output as 
force. A visual display unit (VDU) monitor was connected to the data logger 
serving as a form of system control.
The specimens were loaded by a 120CG Universal twin screw-driven testing 
machine supplied by SATEC Systems, Inc., of Grove City, Pennsylvania, USA. 
The load was applied under load control until 70% of the estimated failure 
load was reached and then by displacement control. The loading rate was 
controlled from an R.D.P Howden type E350 control unit. The testing 
machine had a loading capacity of 500kN, and the loading head consisted 
of a ball and socket arrangement. This ensured that the applied load 
remained normal to the surface of the timber a t ail stages during the 
loading.
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3.5 TEST PROCEDURE
3.5.1 Summary
Prior to testing, a layer of plastic padding was applied to the base of the 
concrete sections and the top of the timber to make them smooth and 
parallel, thus preventing stress concentrations during loading. The structures 
were then loaded as recommended In the CEN Standard TCI 24/WGl N160, 
Draft prEN 380 (12). Basically, this consist of applying 40% of the estimated 
failure load to the structure, holding this load constant, then reducing it to 
10% and reloading to failure. Full details of this procedure are given In the 
following section. The slip a t the Interface was monitored throughout the 
loading history. By applying and removing the load, the amount of slip 
recovery that takes place could be determined. This Information Is useful In 
determining the amount of non-recoverable deformation that can be 
expected In structures subjected to cyclic loading In everyday use.
3.5.2 Detailed procedure
A 350 mm square metal plate was placed on the lower platen of the 
loading machine and covered with polythene. Freshly mixed plastic 
padding was applied to the base of the concrete sections and the top of 
the timber and the specimen was placed on the polythene covering the 
metal plate, with the timber under the loading head of the machine. A 
piece of polythene was then placed on top of the plastic padding on the 
timber and a load of 1 kN applied to the structure. In this way the plastic 
padding was flattened and the excess squeezed out at the sides. This 
excess was removed and the structure left standing to allow the padding 
on the concrete and timber to dry.
The estimated failure load (F^ of the structures was obtained by loading 
four of the specimens to failure and calculating the average failure load. 
The load In these tests was applied at a constant rate of cross head
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movement of 0.1mm per minute until the rate of Increase of load started 
to fall, the cross head speed then being Increased to 1.0mm per minute 
until failure.
After establishing the value of F, the structure was loaded as recommended 
In prEN 380. The speed of the crosshead of the loading machine was 
controlled to obtain the load control curve shown In Figure 3.5. Basically, this 
Involved applying the load at a constant rate of 0.2Fg per minute up to 
0.4Fq. This load level was maintained for thirty seconds then reduced a t the 
same rate to 0.1 Fg where It was held constant for another 30 seconds. It was 
then reloaded at the same rate, to 0.7Fg. Thereafter, a constant rate of 
displacement was maintained until failure occurred. Failure was taken as 
the point where the slip continued to Increase w ithout any further Increase 
In load.
1.0
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0.4
0.2
Tine, nins
Figure 3.5 Load control curve.
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In applying the load, there Is difficulty In determining the required speed of 
the crosshead at the beginning of the load cycle and beyond 0.7Fg. On 
applying the load to the structure there may be some Initial movement at 
the joints. This is referred to as the "slack" and the Initial speed of the 
crosshead had to be greater In order to obtain the required loading rate 
and was different for each specimen. Beyond 0.7Fg the load/time 
relationship becomes non-linear and the load was applied at such a rate 
that the structure failed between 11.5 and 15 minutes after the Initial load 
was applied. It was also required to keep the speed of the crosshead 
constant during this stage. For the first three tests this speed had to be 
estimated and adjusted until a good enough value was obtained.
The readings were all recorded automatically by the data logging system 
at Intervals of 5 seconds, it was also possible to automatically plot the load- 
tlme relationship during the course of the experiment by feeding output 
signals from the amplifiers for the load and time Into an XY plotter. Figure 3.6 
summarises the closed loop control system used In the experiments.
3.6 RESULTS
Figure 3.7 shows a typical load/slip curve. The loads measured during each 
test were divided by four (the number of connectors in each specimen) to 
arrive at a load value for a single connector. The slip was taken as the 
average of the four LVDT readings In order to remove any deformation In 
the system due to specimen twist.
During the unloading of the specimens (0.4 - Q.IF )^ there was no 
measurable change In the slip at the Interface of the structure. That Is, the 
slip that had taken place was not recoverable. On reloading the structure, 
the slip followed the same path as the unloading curve until the load 
reached Its previous highest value of 0.4Fg. Beyond this value the slip 
continued to increase, at an accelerating rate, until failure.
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Figure 3.6 Experimental layout scheme for the push-out tests. The 
arrows indicate the direction of signal flow.
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Figure 3.7 Typical load/slip curve - specimen #57.
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Since the unloading and reioading of the structure does not alter the 
load/slip performance it has been om itted In the analysis of the results. This 
Information wouid however be usefui in anaiyzing composite beams 
subjected to cyciic loading. The slip in the push-out tests is p iotted for each 
specimen in Figures 3.8 to 3.14. The slip values are, for each specimen, the 
mean value of the four LVDT readings. The results of P01 Od are shown In the 
form of scatter diagrams. This was done In order to maintain clarity, due to 
the number of specimens tested in these groups. The loads are shown at 
given intervals of slip.
Data on slip for all the groups ore given In Table 3.2. Each entry In the 
columns showing load a t given values of slip, is the lowest for all members 
of the group and may therefore relate to different specimens.
From the results in Table 3.2 it can be seen that specimens in P015d, 
POlSdPL and PO20d groups exhibited relatively high slips before the first 
failure occurred. However, the connectors generally developed most of 
their strength at a much earlier slip. For example in the P015d group the first 
specimen failed at a slip greater than 6.5mm. At this slip (6,5mm) the load 
per connector was 39.94kN. The slip at 80% of this load was however less 
than 2.5mm. A similar pattern was observed for the other two groups.
3.6.1 Characteristic Resistance
The important properties of a shear connector to the designer are its 
stiffness and strength. The design values are based on the characteristic 
values eva luated from the results of push-out tests. However, some 
designers consider that it is over conservative to  use characteristic 
values, on the grounds that redistribution prevents failure of a shear span 
until the mean resistance of the connectors has been reached (33). Their 
view is that the mean values should be used. It should however be 
considered that the mean would normally be obta ined from a large 
number of tests where there wouid have been a scatter o f the results.
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Figure 3.8 Load/slip relationship for specimens #46-48.
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Figure 3.9 Load/slip relationship for specimens #1-8.
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Connector spacing 10d
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Figure 3.10 Load/slip relationship for specimens 9 - 42.
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Figure 3.11 Load/slip relationship for specimens #43-45.
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Connector spacing 15d
40
30
Q 20
10
0 6 8420
SLIP (mm)
Figure 3.12 Load/slip relationship for specimens #49-51.
66
Connector spacing 15dPL
35
30
25
20
10
5
0 860 2 4
SLIP (mm)
Figure 3.13 Load/slip relationship for specimens #52-54.
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Figure 3.14 Load/slip reiatioship for specimens #55-57.
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In a particular shear span there will be fewer connectors and It Is possible 
that their mean values would be less than those obtained from the tests. It 
Is therefore the view of the author that the more conservative characteristic 
values should be adopted. This would be even more appropriate because 
of the inherent variability in the properties of timber.
Strength
Eurocode No.5 (15) gives a method for calculating the 5-percentile 
characteristic value and an acceptance criteria to determine whether the 
value Is below a declared value. This method is only applicable where the 
number of test pieces Is not less than 30 and It has therefore been applied 
to the POIOd group only. Having determined the mean, p, and the 
coefficient of variation, v, the characteristic value Is estimated as
Fj.=iq|A ( 3 .1 )
where
i q = e x p [ - ( 2 . 6 4 5  + — ) v+0 .15 ]  ( 3 . 2 )
Values of K, are listed In Table A2 of Eurocode No. 5. It Is also stated that v 
should not be less than 0.1.
From the results of the push-out tests the mean strength, p = 26.71kN and v 
= 0.09. With n = 34 and taking v as 0.1, K, Is found to be 0.88. Substituting 
Into equation 3.1,
Fj,=0 . 88x26 .71=23 . 50kN
Acceptance criteria. The probability of accepting a sample with a 5- 
percentlle value less than 95% of the declared characteristic value should 
be less than 15.9%. Expressed mathematically, the sample should be
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accepted if
( 3 . 3 )
w tiere -K2 = exp [  (2 .645  + — ) v -0 .1 8 7  5] ( 3 . 4 )y/n
Once again, v should not be less than 0.1. Values of are listed in Table 
A3 of Eurocode No. 5. With n = 34 and v = 0.1, Kg = 1.1. Therefore
iCaXF^sl. 1x23 . 50=25 . 85kN
and since jx = 26.71 kN, equation 3.3 Is satisfied and the characteristic 
strength of 23.50kN is acceptable.
The EC5 method for the determination of characteristic strength Is not 
app licable to the results of the other groups because of the number of tests 
carried out. In view of the low scatter of the results and following the 
current practice in the UK (33), the lowest maximum load per connector 
from a group of three push-out tests Is taken as the best available estimate 
of the characteristic strength. This would be applicable to the groups 
labelled P05d, POlOdPI, P015d, P015dPI and PO20d and the values are 
shown in Table 3.4.
BS 5268 (9a) gives a method for the determination of the racking strength 
load for timber frame walls for up to five tests. The characteristic strength Is 
taken as the minimum strength multiplied by a modification factor 
given in Table 3.3.
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Table 3.3 Modification factor for racking strength load.
No. Of similar panels tested 
under the same conditions
1 2 3 4 5
Kio9 0.80 0.87 0.93 0.97 1.00
These factors were applied to the groups of three tests and the results are 
shown in Table 3.4.
The P08d group consisted of eight tests and neither the BS 5268 nor the EC5 
methods are applicable. The mean and minimum strengths for this group 
were 20.76 and 18.93 kN respectively. Since the difference between these 
values are less than 10% the author considered It appropriate to use the 
minimum value as the characteristic strength.
The K, factor applied to the mean In the EC5 approach Is a function of the 
number of tests and the coefficient of variation (standard deviation/mean). 
In order to compare the BS 5268 and EC5 methods It was assumed that if 
34 tests were carried out In all the groups, the coefficient of variation would 
be of the same order. This assumption is not necessarily true and can be 
verified by tests only. Therefore, applying the K, factor (0.88) to the mean 
values of the groups would give an assumed characteristic strength. These 
values are shown in Table 3.4 along with the characteristic values obtained 
by the other approaches. For the purpose of this comparison, the factor 
for the P08d and POlOd groups were taken as 1.
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Table 3.4 Mean and characteristic strength values for push-out tests. All 
values are in kN.
Group
(1)
Mean
(2)
0.88xMean
(EC5)
(3)
Lowest
(4)
Kiop X  (4) 
(BS5268) 
(5)
(3)/(5)
(6)
P05d 34.37 30.25 32.81 30.51 0.99
P08d 20.76 18.27 18.93 18.93 0.97
POIOd 26.71 23.50 20.94 20.94 1.12
POlOdPI 27.71 24.38 25.58 23.79 1.02
P015d 42.61 37.50 40.56 37.72 0.99
P015dPI 33.25 29.26 32.23 29.97 0.98
PO20d 37.60 33.09 34.52 32.10 1.03
From Table 3.4 It can be seen In column (6) that the values from the BS 5268 
and EC5 methods compares well with the exception of the POIOd group. 
This has ied to the conclusion that the BS 5268 method is suitable for a small 
number of tests while the statistical approach adopted In EC5 Is suitable for 
larger number of tests. Based on the results of the analysis It Is 
recommended that the characteristic strength of the POIOd group be 
taken as 23.50kN and for the other groups the values given in column (5).
Stiffness
Since the load/slip characteristic of the connector tested Is nonlinear the 
values of its stiffness can only be given at specific points. However, If a 
mathematical model can be fitted to the curves the stiffness at any point 
can readily be obtained. This can be achieved by determining the best 
fitting curve for the data by the method of least squares and using 
regression analysis techniques to obtain a suitable mathematical model.
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In order to carry out a regression analysis on data that are known to be 
nonlinear the relationship between the independent and dependent 
variables must first be transformed into a linear form. A linear regression 
analysis Is then carried out and the equation obtained Is transformed back 
to the nonlinear form.
For the experiments carried out the slip S, is the independent variable and 
the load P, the dependent variable. It was found that by plotting InP vs InS 
a straight line reiationship is obtained. Consider Figure 3.15.
InP
T
a
InS
Figure 3.16
The line con be represented by the equation
ln P = a + b x ln S ( 3 . 5 )
where a is the intercept on the vertical axis and b is the slope of the line.
74
Having evaluated the constant a and the regression coefficient b, the 
equation con then be transformed back to the nonlinear form. From 
equation 3.5,
ln P -b x ln S = a  ( 3 . 6 )
l n ( - S - ) = a
giving,
— f_=e ^
Therefore, (3.7)
As with the determination of the characteristic strength, one approach is to 
consider the curve with the least slope from a group of three os the best 
estimate of the characteristic stiffness. BS 5268 recommends that the 
factors (Table 3.3) be applied to the mean stiffness in order to obtain the 
characteristic stiffness. These factors are only applicable to coses where 
there are up to five similar tests. As with the characteristic strength, K,q9 was 
taken as 1.00 for the characteristic stiffness of the POBd group.
The approach used in EC5 to evaluate the characteristic stiffness is the 
same as that for the characteristic strength. This method was once again 
only applicable to the POIOd group which consisted of 34 specimens. K, 
values were found for both the constants a and b from Table A2 (15) and 
these are 0.88 and 0.762 respectively. This would then give
.762Jb
The characteristic stiffness (dP/dS) can then be obtained for this group.
In analyzing the data from the groups labelled P05d, POlOdPI, P015d,
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P015dPI and PO20d a slip of 2.5mm and the corresponding load was used 
as the cut-off point. This is because the connector had achieved more than 
80% of its strength at this slip and the load tends to toll off after that. For the 
P08d and POIOd groups the cut-off points were 1.8mm and 2.2mm 
respectively. These were the minimum slips at which failure occurred in 
these groups. Also, at these slips there was generally no significant amount 
of tailing off in the load.
Table 3.5 shows the results of the regression analysis. The values of a and b 
are given along with the coefficient of determination, r^ . The value gives 
the proportion of the total variation in P that is explained by the relationship 
between P and S and on the average was found to be greater than 98%. 
Also given are the mean, p, standard deviation, a, and coefficient of 
variation (CoV) for the P08d and POIOd groups, in addition, these voiues 
are given separately for specimens with concrete and timber faiiure in the 
POIOd group.
Table 3.5 Results of regression analysis 
(a) P05d, three specimens
Label a b
P05dl 2.959 0.574 0.987
P05d2 2.973 0.571 0.997
P05d3 2.883 0.654 0.988
2.938 0.600 0.991
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(b) P08d, eight specimens
Label a b r^
P08dl 2.669 0.692 0.985
P08d2 2.698 0.624 0.965
P08d3 2.710 0.680 0.993
P08d4 2.638 0.721 0.995
P08d5 2.711 0.768 0.995
P08d6 2.738 0.654 0.998
P08d7 2.689 0.622 0.995
P08d8 2.672 0.603 0.994
2.690 0.648 0.990
o 0.029 0.056 0.010
CoV (fj./a) 1.09% 8.58% 1.00%
(c) POlOdPI, three specimens
Label a b
POlOdPn 2.566 0.584 0.993
PO10dPI2 2.616 0.548 0.988
PO10dl3 2.596 0.661 0.995
2.592 0.598 0.992
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(d) POIOd, 34 specimens
Label G b r"
POIOdl 2.681 0.528 0.994
PO10d2 2.?55 0.490 0.986
POlOdS 2.661 0.544 0.996
PO10d4 2.600 0.582 0.99?
POlOdS 2.58? 0.550 0.996
POlOdô 2.501 0.55? 0.99?
POIOd? 2.581 0.649 0.99?
POlOdS 2.510 0.5?9 0.997
PO10d9 2.439 0.484 0.959
POlOdIO 2.355 0.593 0.973
POIOdl1 2.519 0.421 0.986
PO10dl2 2.565 0.604 0.996
POlOdlS 2.40? 0.734 0.996
PO10dl4 2.416 0.659 0.998
POlOdlS 2.584 0.665 0.993
PO10dl6 2.654 0.661 0.992
POIOdl? 2.615 0.698 0.986
POlOdlS 2.292 0.808 0.999
PO10dl9 2.489 0.679 0.998
P010d20 2.663 0.648 0.991
PO10d21 2.381 0.74? 0.989
PO10d22 2.541 0.836 0.992
PO10d23 2.590 0.749 0.996
PO10d24 2.596 0.709 0.994
PO10d25 2.652 0.656 0.992
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Label a b
PO10d26 2.665 0.650 0.993
PO10d27 2.619 0.694 0.994
PO10d28 2.587 0.673 0.990
PO10d29 2.621 0.621 0.993
P010d30 2.638 0.749 0.992
PO10d31 2.538 0.820 0.997
PO10d32 2.655 0.774 0.993
PO10d33 2.897 0.577 0.996
PO10d34 2.624 0.687 0.988
K 2.564 0.649 0.992
o 0.118 0.100 0.008
CoV(M,/a) 4.59% 15.45% 0.78%
2.543 0.553 0.989
Ot 0.116 0.077 0.012
CoVQi/G)^ 4.56% 13.84% 1.21%
Me 2.575 0.699 0.994
Oc 0.117 0.070 0.003
CoV(p,/o)c 4.54% 10.04% 0.34%
Subscripts T and C indicate the values for specimens which exhibited timber and concrete failure 
respectively.
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(©) P015dPI, three specimens
Label a b
POISdPIl 2.746 0.613 0,991
P015dPI2 2.693 0.626 0.997
P016dPI3 2.632 0.674 0.994
(f) POlSd, three specimens
Label a b r^
POlSdl 3.170 0.414 0.992
P015d2 3.225 0.385 0.997
P015d3 3.214 0.381 0.993
3.203 0.393 0.994
(g) PO20d, three specimens
Label a b
PO20dl 3.301 0.333 0.968
PO20d2 3.129 0.478 0.997
PO20d3 3.106 0.419 0.994
3.179 0.410 0.986 ;
3.7 DISCUSSION
3.7.1 Scatter of results
Examination of the results from the push-out tests shows that In each group 
of specimens there is some degree of scatter among the results. This is 
generally due to variations In the mechanical and physical properties of the
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timber, variations in concrete properties, variations in the construction of the 
specimens, experimental errors and other uncontrollable factors such as the 
position of the voids and dense aggregate particles adjacent to the 
connectors.
Casting of the slabs in a vertical position would have also contributed to the 
scatter of the results. This is because most of the load on a connector is 
transferred at its base and when vertical casting Is used this region Is likely 
to have an air pocket or weak voids. Horizontal casting of slabs has been 
shown to lead to results with much less scatter (33). This method of 
construction is however more difficult and time consuming as the slabs are 
cast on alternate days.
Considering the strength and stiffness of the connectors and the slip a t the 
ultimate load, the largest scatter was in the slip a t the ultimate load and the 
strength. Figures 3.16 & 3.17 shows a scatter plot of the strength against slip 
for P08d & POIOd. For P08d group, six of the eight values were between 
18.93 and 20.97kN, and the other two were 21.90 and 24.10kN. The 
maximum slip In seven of the specimens ranged from 1.8 to 3.32mm. For the 
POlOg group the strength of 30 of the 34 specimens ranged from 23.19 to 
29.24kN. The maximum slip in 30 of the specimens ranged from 3.1 to 
6.5mm. This shows that there is a reiatively larger scatter In the slip in both 
groups than in the strength. Statistical analysis of the results give an estimate 
of the 90% confidence interval of the mean strength of P08d as
19.74 < n <  20.78
and for POIOd as
26.04 < < 27.38
The mean strength has been found to be approximately equal to the upper 
value of the 90% confidence limit of the P08d group (20.76 and 20.78 
respectively). This is because the mean strength has been somewhat 
distorted due to the fact that one of the values (24.10kN) is fairly larger than
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Figure 3.18 Plot of strength vs slip at failure - P08d.
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Figure 3.17 Plot of strength vs slip at failure - POIOd.
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the others. If this higher value was ignored the mean would be 20.35kN 
which would probably be a more representative value.
It has been found in previous work that little of the scatter was due to 
experimental error (27). This Is also probably true for the tests conducted 
because of the accuracy of the measuring devices. Tests carried out on the 
concrete used In the construction of the slabs Indicated little variations in 
the properties. The major sources of errors were therefore considered to be 
the variations in the timber properties and the effect of vertical casting. 
These are however within the acceptab le bounds for timber.
3.7.2 Stiffness
The results of the tests conducted on the connector shows that, at low slips, 
the relationship between the load and slip Is almost linear. As the slip 
increases the degree of noniinearity Increases. It has been shown that the 
load/slip relationship of the connector can be represented mathematically 
by the relationship
p=e^xs^
The connector stiffness, dP/dS, can therefore be given by
=Be ( 3 . 8 )dS
This represents the slope of the tangent to the curve at any slip S. The 
connector spacing, width of the timber and the degree of bonding 
between the timber and concrete had different effects on the connector 
stiffness.
Connector spacing. The tests conducted can be divided into three groups 
in which the only difference within each group was the connector spacing.
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These are (a) P08d and POIOd, (b) POlOdPI and POlSdPL and (c) P05d, 
P015d and PO20d. Examination of the results of the tests from the 
respective groups shows that the spacing had little effect on the stiffness of 
the connector (Figure 3.18). The differences observed within the respective 
groups were primarliy due to the difference In the bonded area at the 
timber-concrete Interface and will be discussed In the following section.
Bonding. Bonding can be considered from (a) the degree of bonding 
between the timber and concrete. I.e., whether or not the timber and 
concrete are separated by polythene and (b) the bonded area between 
the timber and concrete.
Considering the curves shown in Figure 3.18, it can be seen that P05d, 
POlSd and PO20d are much stifferthan POlOdPL and POlSdPL. Apart from 
the connector spacing, the only other difference between these groups is 
the polythene between the timber and concrete. The polythene reduces 
the friction and eliminates bonding between the materials and, as a result, 
the resistance to slip Is reduced.
The contribution of bond and friction to the resistance of slip can be 
determined by comparing the results of P015d and POlSdPI. In these two 
groups the connector spacing and timber width were the same, the 
difference being the polythene sheet along the timber-concrete interface. 
The secant stiffness at various slips are shown In Figure 3.19 and Table 3.6.
By comparing the secant stiffness of the two groups of tests the contribution 
of bond and friction a t the Interface to the joint behaviour can be 
determined. The ratios of the secant stiffnesses are shown In column (4) of 
Table 3.6 and are plotted against slip in Figure 3.20. From this graph It can 
be seen that the ratio of the secant stiffness is Inversely proportional to the 
slip. This is because the contribution of bond and friction to the stiffness 
reduces as the slip Increases, thus approaching the case with the polythene 
at the Interface.
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Figure 3.18 Load/siip curves obtained from the results of the 
regression analysis.
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Figure 3.19 Relationship between secant stiffness and slip for
specimens with and without polythene at the Interface.
Table 3.6 Variation of secant stiffness with slip for POlSd and P016dPi.
Secant stiffness (kN/mm)
Slip (mm) P015d POlSdPL (2)/(3)
(1) (2) (3) (4)
0.1 90.7 29.4 3.09
0.2 60.6 23.5 2.58
0.4 40.5 18.7 2.17
0.6 32.0 16.4 1.95
0.8 27.1 14.9 1.81
1.0 23.8 13.9 1.71
1.5 18.8 12.2 1.54
2.0 15.9 11.1 1.43
2,5 13.9 10.3 1.35
2.8 13.1 9.9 1.32
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Figure 3.20 Graph showing the contribution of bond and friction 
to the stiffness of a joint
The information obtained above would be useful in analyzing the beams 
tested in the laboratory. The timber used in the beam construction was 
75mm in width and the connector spacing for the first three was lOd with 
no separation between the timber and concrete. However, in the push-out 
tests with lOd spacing and 75mm timber there was polythene at the 
Interface. The above information can therefore be used to determine the 
additional contribution of bond and friction to the stiffness of the beam.
Timber width. Timber 50mm and 75mm wide were used in the construction 
of the push-out specimens and the results clearly indicate that the width 
had an effect on the stiffness of the joint. P08d and POIOd specimens were 
made from 50mm sections while the others were from 75mm sections.
Examination of the results in Figure 3.18 shows that the stiffnesses of the 
specimens from P08d and POIOd were less than the others. This is because 
the contact area between the timber and concrete was less with the
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50mm sections and , as a result, the resistance to slip due to bond and 
friction was also less. Also, as load is applied to the specimen and the 
connector bears against the timber its resistance to splitting increases with 
w idth and hence the resistance to slip also increases.
Considering ail three factors - connector spacing, timber width and 
bonding - it can be seen that the connector spacing had little effect on the 
jo int stiffness, while timber width and bonding had greater effects. The 
results can therefore be classified into three groups as shown in Figure 3.21.
3.7.3 Strength
in addition to the stiffness of the connectors, the load capacity or strength 
is also significant. This allows the evaluation of the maximum shear stress that 
can be transmitted across the interface.
Figure 3.22 shows the strength of the connector for the various groups. This 
indicates that the connector spacing, timber width and bond and friction 
ail influenced its capacity.
Spacing. Considering the groups (a) P05d and POlSd, (b) POlOdPi and 
P015dPi and <c) P08d and POlOd, it can be seen that there is a general 
increase in the strength of the joint with the connector spacing. This is 
because the load from the connector is transferred to the concrete by 
bearing against the connector shank. The closer the connectors are to 
each other, the greater would be the bearing stress per unit length of 
concrete resulting in an earlier failure, it has however been observed that 
there was a slight decrease in strength for PO20d. This is probably because 
the timber and concrete have a tendency to buckle away from each other 
a t larger spacings. The value of the spacing beyond which the strength 
decreases is referred to as the optimum spacing with respect to  strength 
and appears to be about 15d. in order to determine a more accurate 
value empirically it would be necessary to carry out tests a t other spacings
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Figure 3.21 Mean curves for push-out tests. The results 
are grouped according to the timber width and the 
bond at the Interface.
Solid shading represents specimens made from 75 x 150mm timber. 
Crossed hatched represent specimens made from 50 x 150mm timber.
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Figure 3.22 Load capacity of the connectors for 
the different groups.
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on either side of 15d. The information available from the tests is insufficient 
to establish this value analytically.
Bond and friction. A comparison of the P015d and P015dPi results clearly 
indicates that the polythene along the timber-concrete interface resulted 
in a reduced strength for those specimens. This is because of the additional 
resistance offered by the bond and friction between the timber and 
concrete in the specimens w ithout polythene.
Timber width. Figure 3.22 shows that the specimens made from 50mm 
sections of timber (P08d and POlOd) resisted less load than those made 
from 75mm sections. This is also a result of the reduced contact area 
between the timber and concrete. Also, there Is a greater tendency for the 
narrower timber to split during loading.
3.7.4 Failure
The maximum load and the mode of failure are given for each test in Table 
3.7. Four modes of failure were observed:
(a) cracking of the concrete - 40 specimens,
(b) splitting of the timber - 15 specimens,
(c) shearing of the connectors - one specimen, and
(d) excessive slip - one specimen.
Figures 3.23 and 3.24 shows typical patterns of concrete and timber failure 
respectively, inspection of the specimens after failure showed some plastic 
deformation of the connector but generally indicated that the concrete 
was the weakest element, particularly with the wider section timber. The 
results indicate that specimens which exhibited timber failure were generally 
weaker than the others. The average strength of specimens with timber 
failure was 24.55kN while it was 27.99kN for those that exhibited concrete 
failure. Timber failure can therefore be considered as premature and
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Table 3.6 Summary of test Results
Specimen
Number
Connector
Spacing
Failure ioad, 
kN
Faiiure
Mode
1 8d 83.64 concrete
2 8d 91.56 ex. slip
3 8d 77.60 concrete
4 8d 75.43 concrete
5 8d 96.40 concrete
6 8d 79.86 timber
7 8d 81.88 timber
8 8d 79.97 timber
9 lOd 93.47 timber
10 lOd 87.98 timber
n lOd 105.05 timber
12 lOd 101.79 concrete
13 lOd 97.69 timber
14 lOd 84.98 limber
15 lOd 105.59 concrete
16 lOd 85.91 timber
17 lOd 97.66 timber
18 lOd 102.21 timber
19 lOd 87.44 timber
20 lOd 91.76 timber
21 lOd 99.71 timber
22 lOd 93.61 concrete
23 lOd 113.23 concrete
24 lOd 120.98 concrete
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Failure
Mode
Failure load. 
kN
Connector
Spacing
Specimen
Number
concrete112.95lOd
concrete107.80lOd
concrete108.44lOd
timber109.45lOd
113.76 concretelOd
concrete109.46lOd
concrete111.75lOd
concrete105.86lOd
concrete110.14lOd
concrete119.65lOd
concrete106.78lOd
concretelOd 105.57
110.25 concretelOd
concrete108.16lOd
concretelOd 116.86
lOd 116.02 concrete40
concrete120.65lOd
lOd 113.41 concrete
lOd-PI concrete43 102.30
114.85lOd-PI concrete
lOd-PI 115.30 concrete
concrete5d 141.52
concrete5d 133.21
5d concrete148.51
15d 185.03 concrete
Specimen
Number
Connector
Spacing
Failure load, 
kN
Failure
Mode
50 15d 162.25 concrete
51 15d 164.02 concrete
62 15d-PI 128.93 concrete
53 16d-PI 134.75 shear
54 15d-PI 135.29 concrete
55 20d 140.73 concrete
56 20d 156.76 concrete
57 20d 156.41 concrete
Figure 3.23 Typical concrete faiiure in push-out specimen. Note that the 
crack formed approximately along the centre of the slab, i.e., along a line 
joining the connectors.
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Figure 3.24 Timber from a push-out specimen in which failure was by splitting 
of this material.
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inspection of the timber showed some form of defect in most cases. The 
mode of failure however had littie effect on the stiffness of the connector 
(Table 3.5d and Figure 3.25).
The origin of the cracks in the concrete is uncertain but it can be assumed 
that it starts near the timber-concrete interface. This is because almost the 
whole of the load from a connector is applied within one connector 
diameter of the interface (27).
3.7.5 Design values
The behaviour of the connector has been shown to be influenced by many 
parameters: timber width, connector spacing, bond and friction. These had 
varying effect on the strength and stiffness of the connector and must be 
taken into consideration when recommending design values. In addition, 
the difference in push-out specimens and beams must be considered.
The difference between the strength of a connector in composite beams 
and in push-out specimens is due to the normal force across the timber- 
concrete interface. Compressive forces will occur across the interface of a 
composite beam due to the dead weight of the concrete slab and 
Imposed loads. These are small in comparison with the shear forces at the 
interface. In addition, the load applied to the connector in a push-out 
specimen is eccentric and, as well as transferring shear, a bending moment 
is induced.
The failures in the push-out specimens were predom inantly due to cracking 
of the concrete or splitting of the timber. Also, it was shown that increasing 
the w idth of the timber resulted in increased strength and stiffness. Since the 
sections of timber and concrete slab used in bridge construction are much 
larger than those used In the tests an increased performance in the 
connector can thus be expected. However, the contribution of bond and 
friction a t the interface cannot be relied upon in the long-term. In bridges.
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Figure 3.25 Average load/slip curves for specimens which exhibited 
timber failure, concrete failure and the overall average for POlOd.
a single overload or the fatigue effect of fluctuating ioads wouid destroy 
this bond. Aiso, in the iong term, due to shrinkage of the wood there is a 
tendency for the slab to separate vertically from the beam and, should this 
occur, frictional resistance will cease.
Another important property of a connector is its slip capacity. There is at 
present no standard definition of slip capacity, nor agreement on how this 
property of a shear connector, if known, should be used in design, it should 
however not be less than the mean slip required for the beam to reach its 
design ultimate load. Johnson and Moienstra (26) recommended that the 
slip capacity be taken as the slip at 0.95?  ^for steei-concrete beams. The 
author of this thesis is however of the opinion that this should be less for 
timber-concrete beams because of the greater slip a t the interface.
Therefore, allowing for the increased performance expected from 
connectors in a beam and the fact that bond and friction cannot be relied
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upon, it is recommended that the strength and stiffness from the POlOdPi 
group be used as characteristic values. This group was chosen because it 
gave good results for both the strength and stiffness and also, from a 
practical point of view the connectors will not be too closely or widely 
spaced. Based on the results of the tests carried out on timber-concrete 
beams as part of this study (described in Chapter 4), it is recommended 
that the slip capacity, S^ , be taken as the slip a t O.BPy. The characteristic 
value can thus be obtained from the equation
with P^  = 24kN, a = 2.592kN
Sg = 2.0mm, b = 0.598mm‘\
3.7.6 Material properties
Tests conducted on the timber and concrete at the time of the push-out 
and beam tests indicated very little variations in their properties. However, 
specific gravity and moisture content tests on the timber a t a much later 
date showed larger variations in the results because of the position of the 
specimens within the pieces of timber from which they were removed 
(3.2.1).
One of the characteristics of timber is the inherent variability of material 
properties from one piece to another even for the same species. There can 
also be considerable variations at different sections of the same piece. This 
is because the physical properties can vary within the same piece and also 
from piece to piece probably because of the presence of local zones of 
weakness. The moisture content and specific gravity of a timber are the 
most important physical properties affecting its strength properties.
Moisture content is a measure of the amount of water a piece of wood 
contains, it is expressed as the ratio of the weight of water to the oven-dry
98
weight of the wood as a percentage. Specific gravity is a measure of the 
soiid wood substance that a piece of wood contains and is expressed as 
the ratio of the oven-dry weight to the weight of an equai volume of water.
Moisture content and specific gravity determinations were carried out on 
pieces of timber removed from the push-out specimens after testing. The 
specific gravity values obtained were converted to oven dry values using 
the following equation given in ASTM D2395-83, APPENDIXXI.1.3 (4):
1 - ^ 2 ( 0 . 0 0 9 )  (M2 -M l)
where M^  is the percent moisture content when the specific gravity is Mg 
is the percent moisture content when the specific gravity is Sg and Mg is 
greater than M,. This gave values of specific gravity ranging from 1.02 to 
1.10 with a mean of 1.07. This variation is within the range that is usually 
found in the properties of hardwood.
As iong as the wood is straight grained specific gravity Is a useful predictor 
for strength. When the wood is not straight grained but contains growth 
characteristics or manufacturing imperfections, the influence of specific 
gravity may be diminished, depending upon the properties and severity of 
the characteristics. Knots and sloping grains are the most frequently 
occurring type of growth characteristics. Sloping grains can also be due to 
manufacturing imperfections.
A knot is the cross section or longitudinal section of branches that were cut 
with the main lumber, it influences the strength properties of a piece of 
wood to varying degrees, depending on its size and position. Strength 
properties are adversely affected because of the irregular grains that occur 
in the vicinity of the knots. The stiffness of a timber is not lowered 
appreciably but the tensile strength is reduced. This explains the splitting of 
the timber in some of the specimens. The weakening influence on beams
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is discussed in Chapter 4.
The direction of the ioad with respect to the direction or siope of the grain 
also influences the strength of the timber. The siope of the grain is the angle 
between the direction of the fibres and the edge of the timber piece. 
When the direction of the fibres does not coincide with the longitudinal axis 
of the timber, it is said to be crossed grained. When a load is applied 
parallel or perpendicular to the face of such a piece of timber it wouid be 
at a different angle to the grain. Depending on the type of stresses, timber 
may be strongest In the direction either paraiiei or perpendicular to its fibre. 
Hence, the result may be a failure which is earlier than in a straight grained 
wood. Clearly, for example, the tensile strength of a piece of wood will be 
weaker if the load is applied across the grain.
3.7.7 Unloading and reloading
Unloading and reloading the structure did not cause any significant change 
in the slip at the interface. That is, the deformation in the connector is 
permanent. This could therefore tentatively imply that cyclic loading wouid 
not have any detrimental effect on timber-concrete composite structures. 
However, before such a conclusion can be made it will be necessary to 
carry out extensive cyclic loading tests because multiple repeated loadings 
could well have different effects to a limited number of repeated loadings 
due to fatigue.
The question of the fatigue effect of fluctuating loads on shear connectors 
has been the subject of on going research in steei-concrete composite 
beams. The effect on the connector will be to cause faiiure to occur a t a 
load less than that obtained in a static condition, in the steei-concrete 
beam fatigue is most likely to be caused in the connector-to-beam weld. 
Since in timber-concrete beams there is not likely to be any stress 
concentrations at the interface because of the relatively low bearing 
stiffness of the timber, it is of the opinion that this kind of faiiure is unlikely.
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There is however a need to establish whether or not this is so by 
experiments.
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BEAM TESTS
4.1 INTRODUCTION
The behaviour of a composite beam depends mainiy on the load/slip 
relationship of the connector. This relationship, usually found from push-out 
tests, depends on a number of factors as explained in Chapter 3. The 
behaviour also depends on the span of the beam L, and the degree of 
shear connection N/N,, where N is the number of shear connectors in the 
span considered and N, is the number that wouid provide 'full shear 
connection' (26). Full shear connection is defined as the least number of 
connectors, such that the bending resistance of the beam wouid not be 
increased if more connectors were provided. In design with full shear 
connection, it is assumed that faiiure of shear connector does not occur 
and that the effect of slip can be neglected. These assumptions are not 
valid with partial shear connection, particularly neglecting the effect of slip.
Seven timber-concrete composite beams were tested in the laboratory. The 
objectives of these tests were:
(a) to study the behaviour of composite timber-concrete T-beams under 
concentrated loads,
(b) to investigate the effects of the shear connector spacing, bonding 
and friction at the interface on the overall performance, and
(c) to provide data for the validation of the finite element model.
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All the beams were 4000mm in length with the concrete flange being 300 
X 75mm and the timber web 75 x 150mm. Four of the beams were 
constructed with a sheet of polythene along the timber-concrete interface 
while five had connector spacings of 10 x diameter (d) and two had 
spacings of 15d. The beams were ail loaded to failure under concentrated 
loading applied 500mm on either side of the centre. The construction 
details are shown in Figure 4.1.
This chapter describes the construction and testing of the beams 
investigated and discusses the results. The results were also compared to 
theoretical values computed from strain measurements.
4,2 CONSTRUCTION OF BEAMS
Holes of the nominal diameter of the threaded length of the coach screw 
were drilled into the timber along the centre line of its narrow face at the 
required connector spacing and to a depth of 75mm. The shear connectors 
were then screwed into the timber, care being taken to ensure that they 
were perpendicular. Oriented strand board and oil tempered hardboard 
were used in the construction of the formwork for the concrete. Because 
of warping in the greenheart some difficulties were encountered initially in 
getting the hardboard to fit closely and squarely to its side. This was 
overcome by placing the greenheart, face down, on the hardboard and 
tracing its outline along the length. The hardboard was then cut along this 
line, enabling it to fit squarely. Figure 4.2 shows the greenheart beam, with 
the shear connectors fitted, positioned in the formwork before pouring of 
the concrete.
A sealant was used along the edges so as to make them water tight, thus 
preventing seepage of water from the fresh concrete, and mould releasing 
agent applied to the inside of the formwork. Because of the size of the 
mixer, the concrete was made in two batches of 150kg each. The mix
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Figure 4.1 Shear connector arrangement in beams.
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Figure 4.2 Timber beam with connectors positioned in formwork just prior to 
pouring of concrete.
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proportion was 1:2.8:3.6 by weight with a w /c ratio of 0.7. The concrete was 
poured in two layers, each iayer being compacted using an internai 
vibrator, and then ieveiied off with a fioat. Four standard cubes and a prism 
were prepared from each batch. Along with the beam, they were covered 
with a sheet of polythene for twenty four hours. The moulds were then 
removed from the cubes and prisms and the formwork from the beam. The 
concrete slab, cubes and prisms were all covered with hessian and kept 
moist for seven days. They were then allowed to air cure in the laboratory 
for a further twenty one days minimum before testing.
4,3 THE SUPPORT SYSTEM
The beams were supported over a span of 3900mm (measured from the 
centre of the supports) with a bearing length of 100mm over each support. 
The supports consisted of rocker plates resting on fiat metai plates as shown 
in Figure 4.3, This was to ensure that full contact be maintained between 
the bearing length of the timber and the support at all times during the 
loading of the structure. Lateral movement of the beams was prevented by 
screwing metal plates to the top of the beams and to vertical bars 
anchored to the floor of the laboratory. The metal plates were hinged a t 
both ends to allow movement in the vertical direction. Figure 4.4a shows a 
line diagram of the lateral support.
4,4 THE LOADING SYSTEM
The self weight of the beams were about 2.8kN. Point loads were applied 
at 1450mm from the centre of the supports (Figure 4.4b). Fifty millimetre 
w ide bearing plates were connected to the beams at the point of 
application of the loads using plastic padding to ensure that they were 
firmly held in place, and to provide a smooth contact with the concrete.
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(a) Section at AA and BB.
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(b) Loading arrangement.
Figure 4.4. Line diagram showing (a) lateral support and (b) loading arrangement.
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thus eliminating stress concentrations during ioading. Rocker piates 
supporting the load cells were placed on the bearing piates. These were 
free to rotate, aliowing the appiied loads to be perpendicular to the 
longitudinal axis of the beam at all times. A rig, consisting of four verticai 
rods embedded into the floor of the laboratory and connected across the 
top by channel sections, was setup to support the ioading rams. Figure 4.6 
shows the arrangement of one of the beams and the loading system prior 
to testing.
4.5 INSTRUMENTATION
(a) Load. Each beam was loaded to collapse using two 50 ton hydraulic 
rams. The piston movement of the ram was controiied by a hand pump. 
The loads exerted on the piston were measured by lOOkN N.C.B./M.R.E type 
403 load cells supported by rocker plates. Each load cell was connected 
to the data logger in a full bridge circuit configuration via an R.D.P. Ranged 
Amplifier type E255.
(b) Verticai deflection measurements. Verticai deflections at the centre and 
under the point of application of the load were measured using unguided 
free armature type D5/2000 R.D.P. LVDT transducers. They were certified by 
R.D.P. Electronics Ltd. to have a linearity better than ±0.15% of their working 
range. The LVDT's were held upright by clamps connected to metai stands. 
The tip of the plungers were bearing against small pieces of perspex which 
were connected to the beams at the point where deflections were 
required. This prevented the tip from getting into any grooves on the timber. 
The LVDT's were connected to the data logger via the amplifier.
(c) Slip measurements. Slip measurements along the timber-concrete 
interface were taken over the supports and at the third points using R.D.P. 
LVDT's. These were also unguided free armature type D5/2000 LVDT's. Metal 
brackets holding the LVDT's, were screwed on to both sides of the timber
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Figure 4.5 Arrangement of beam and loading system.
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a t the points where slip were required. L-shaped pieces of perspex were 
then connected to the concrete flange using plastic padding to align them 
with the screws securing the brackets of the LVDT's to the timber. The LVDT's 
were setup so that the plunger was bearing against the perspex. In this way, 
any relative movement between the timber and the concrete would be 
recorded by a movement of the plunger. The readings from the LVDT's on 
opposite sides of the timber were averaged to remove any slip in the 
system that would be due to twist in the specimen. The LVDT's were 
connected to the data iogger via the amplifier.
(d) Strain. Strains were measured at the third points and at the centre of the 
beams. Readings were taken on both sides of the beams and throughout 
their depth. Tyier Surface-Mounting Recoverabie Acoustic Strain Gauges, 
suppiied by Gage Technique Ltd. of Surrey, England, were used at the 
centre of the beams. These gauges are familiarly known as vibrating wire 
(VW) gauges and the type used was the combined strain and temperature 
gauge with a gauge iength of 5.5" (139.7mm). The gauges were connected 
to a Strain Measuring Unit where its output can be monitored both on a 
ioudspeaker and on the display panel. The gauges are initially tensioned 
and mounted at what is known as the datum period. When a load is 
appiied to the structure, depending on whether it is in tension or 
compression, the tension in the gauge wire wlii increase or decrease. By 
switching on the strain measuring unit the gauge wire is energised with a 24 
voits piuck. It vibrates and its new period is displayed on the panel. The 
difference between the two periods is an indication of the change in 
tension in the wire and this is converted into a strain. Demec gauges with 
a gauge iength of 200mm were used in the other positions. Figure 4.6 shows 
the position of the strain gauges.
(e) The data ioaaina svstem. The 3530 ORiON Data Logging System used in 
the push-out test, and described previousiy (Section 3.4), was used to 
record readings from the LVDT's and load cells. Each load cell was 
calibrated over a range of 0 to lOOkN by ioading it in compression on the
in
(a)
(b)
Figure 4.6. Position of strain gauges at (a) centre line and (b) third points. 
X represents VW gauges and # represents demec gauges.
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type 120 SATEC System Incorporated mechanical testing machine and 
relating the digital output on the ORION to the output on an R.D.P. Howden 
load Indicator type E388 calibrated by R.D.P. Howden Ltd. Signals received 
from the load cells are converted and output as a force. A visual display 
unit (VDU) monitor was connected to the data logger serving as a form of 
system control.
4.6 TEST PROCEDURE
4.6.1 General
Tests were carried out on the beams in order to achieve the objectives 
stated In 4.1. With all the instruments in place a beddlng-ln load of 3kN 
(approximate weight of the beam) was applied to the beams in increments 
of 1 kN. This load was maintained for a t least five minutes and then released. 
The object of applying this load was to settle the structure on Its supports 
and release any frictional restraints incorporated during the construction. It 
also served as a check to ensure that all of the Instruments were working as 
expected. Deformation readings were taken after a further five minutes had 
elapsed and these served as the datum for all subsequent measurements. 
Following this the beams were loaded to their estimated working load In 
four equal increments under displacement control a t a rate of 0.5mm per 
minute. The beams were then unloaded in the same Increments. The 
transformed section method was used to estimate this load for the first set 
of beams. After a t least five minutes had elapsed the beams were reloaded 
to failure In the same Increments. Deflection and slip readings were taken 
at five second Intervals throughout the tests while strain measurements were 
taken at each load Increment until the deformation of the structure was 
such that it was no longer safe to do so. The object of loading the structure 
to their estimated working load and unloading them was to  determine their 
behaviour under service conditions. Figure 4.7 summarises the closed loop 
control system used in the beam tests.
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Figure 4.7 Experimental layout scheme for the beam tests. 
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4.6.2 Beams 1, 2 & 3
The connector spacing of these beams was 160mm (1 Od) and there was no I
separation between the timber and concrete. The working load was 
estimated to be 24kN and following the removal of the beddlng-ln load, it 
was applied in Increments of 6kN. This load was then removed in the same 
increments. Beam 1 was subjected to a limited number of repeated 
loadings and the procedure of loading to 24kN and unloading was 
repeated four times. On the fifth cycle the loading was continued until 
failure. Beams 2 and 3 were reloaded to failure after the first unloading.
4.6.3 Beams 4 & 5
The connector spacing of beams 4 and 5 was 240mm (15d) and there was 
a sheet of polythene along the timber-concrete Interface. Using the failure 
load of beams 1, 2 and 3 as a guide the working load of beams 4 and 5 
was estimated as 32kN. The load was therefore applied to the structure in 
four equal increments of 8kN, unloaded and reloaded to failure. In the case 
of beam 6 the failure of the structure was well advanced a t the estimated 
working load. The loading was therefore continued to failure as unloading 
the structure could hove produced misleading results since there were signs 
of breakdown in the members. Possible reasons for this early failure are 
discussed in a later section.
4.6.4 Beams 6 & 7
The connector spacing of beams 6 and 7 was 160mm (lOd) and there was 
also a sheet of polythene along the timber-concrete Interface. The working 
load of these beams was estimated at 24kN based on the failure load of 
beams 4 6k 6. It was therefore intended to load the beams in four 
increments of 6kN, unload and reload to failure. However, a t 24kN the 
failure In beam 6 had commenced and it was loaded to failure without 
unloading. It was therefore decided to load beam 7 to 20kN in increments
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of 5kN, unload and reload to failure. This lower load proved to be 
adequate.
4.7 TEST RESULTS AND DISCUSSION
4.7.1 General
Figure 4.8 shows the load/central deflection curve of the beams tested with 
the unloading and reloading stages om itted for clarity. From this it can be 
seen that beams 1, 2 and 3 with connector spacings of 160mm and no 
separation between the timber and concrete showed the greatest strength 
and stiffness. This can be attributed to the difference In the connecting 
system and quality of the timber.
The load/end slip curve showed a similar pattern. For loads of up to about 
16kN the slip was less than 0.02mm In beams 1,2 and 3, while In beams 4-7 
it was about 0.5mm. At iow load levels these curves are very nearly linear, 
however, as the load increased a more curvilinear behaviour was noticed. 
In two of the beams tested the failure was in the concrete while the others 
exhibited various forms of tensile failure in the wood.
4.7.2 Strength and stiffness
The deflection of a beam at any load level is a measure of its stiffness at 
that load. In comparing the relative stiffness of the beams three lines of 
studies have been followed. First, the initial slope of the load/deflection 
curves has been examined since It Indicates the general stiffness of the 
beams. Second, the deflections were compared at loads at which the final 
strain readings were taken. This would have been at an advanced loading 
stage of the structure and the objective was to observe the behaviour a t 
loads greater than the working load and to compare the deflections with 
theoretical values computed from strain measurements. Third, a study was
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made of the effects of end slips upon deflection. For the second and third 
lines of study, the theoretical deflections were computed from the 
measured strains at midspan by a procedure devised by Money (30). 
Money's equation was developed for the calculation of the deflection of 
reinforced concrete beams, in his report. Money showed that the unit 
deformations in the steel and extreme fibres of the concrete ore the only 
determining factors in the deflection, except the depth, span and method 
of load distribution. The formulae in use prior to this development were 
found to be difficult to apply because of the number of constants involved 
and the indefinite nature and values of some of those constants. In Money's 
equation the deflection is equal to the product of a constant into the sum 
of the strains. I.e.,
(Gc+Gg) ( 4 . 1 )
where k = constant, depending on the load distribution,
L = length of beam,
D = depth of beam,
Gg = strain a t the extreme fibres of the concrete, and 
Gg = strain in the steel.
For the loading configuration being used, k = 23/216. This formula has been 
applied to timber-concrete composite beams and the results obtained from 
tests validated Its use for this type of construction (48). The strain in the 
extreme fibres of the timber replaces that of steel In Money's formula.
Table 4.1 shows the initial slope of the load/deflection curves for beams 1-7. 
Relatively high values are found for beams 1,2 and 3 ranging from 2.17 to 
2.45 while beams 6 and 7, with values of 1.50 and 1.58 respectively, had the 
lowest values.
Table 4.2 shows the measured deflections at the load a t which the final
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strain readings were taken. Because of the differences between these loads 
a direct comparison could not be made of the results. A comparison was 
therefore made at 20kN, the load a t which the final strain reading was 
taken for beam 7, and the results shown in Table 4.3. These values reflect 
much the same influences shown by the initial stiffness of the beams. Beam 
3 was definitely the stiffest whereas, beam 7 was at 80% of its ultimate load 
capacity.
The deflections computed from the strains and those measured in the tests 
are shown in Table 4.4. The discrepancy between these values Is considered 
to be due to the slip between the two layers, and, to a slight extent, the 
shear deformations. Looking at the results a number of observations have 
been made. First of all it is noticed that the initial stiffness in beams 1,2 and 
3 were the highest and those of beams 6 and 7 the lowest. There was one 
difference between these beams and that was the presence of the 
polythene at the interface of beams 6 and 7. As with the push-out 
specimens, this difference In initial stiffness was due to lack of bonding and 
the reduced friction at the timber-concrete interface. The difference in 
stiffness was evident throughout the loading history of the beams. It was also 
noticed that beams 4 and 5 had stiffness of the same order as beams 6 
and 7. This is because beams 4 and 5 also hod polythene at the interface 
and is in keeping with the findings in Chapter 3 that the connector spacing 
does not affect its stiffness.
The deflections computed from the measured strains of beams 1, 2 and 3 
averaged about 75% of the actual deflections at the load of 42kN. The end 
slip at this stage ranged from 0.4 to 0.83mm. in beams 4 and 5 the 
computed deflections averaged 61 % of the actual deflections with end slips 
of 0.55 and 0.49mm respectively at a load of 16kN. For beams 6 and 7 the 
computed deflections were 69% of the actual deflections with end slips of 
0.56 and 0.54mm respectively at a load of 20kN. The slip In all of the beams 
at the given load might seem insignificant (0.83mm maximum) but resulted 
In deflections averaging 46% more than the values to be expected had
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perfect integral action existed.
The effect of end slip on the deflection of the beams are compared at 
20kN and shown In Table 4.5. Comparing the results of beams 1, 2 and 3 
with those of beams 6 and 7 It can be seen that the error in the latter is 
much higher. The slip was also higher in beams 6 and 7, supporting the 
theory that the greater the interface slip the more the behaviour deviates 
from the theoretical values.
The deflection a t any load in the beams can be considered to consist of 
two components:
(a) deflection considering full composite action, and
(b) additional deflection due to slip at the interface.
The additional deflections due to slip were computed for each beam at 
different load levels. These were obtained by calculating the theoretical 
deflections using Money's equation and subtracting from the measured 
deflections In the laboratory tests. This information is shown In Figure 4.9 in 
the form of a graph of additional deflection against end slip.
With the exception of beam #1, the results show a fairly low scatter. The 
reason for the deviation of the results of beam 1 is not quite clear but is 
probably due to some peculiarity In the properties of the materials used in 
this beam. The overall results demonstrate a relationship between the end 
slip and the additional deflection over the fully composite action. The 
additional deflection would also be a function of the geometry of the 
beam. Therefore, if a relationship can be formulated between the 
geometry, end slip and additional deflection it can be quite useful in 
analysis and design to predict the expected deflection of a beam. The 
analytical model developed as part of this research has been used to 
generate such data and the formulation of the relationship is presented in 
Chapter 7.
120
Table 4.1 Initial slope of the load/defiection curves.
Beam
Initial 
slope (kN/mm)
1 2.27
2 2.17
3 2.45
4 1.71
5 1.83
6 1.50
7 1.58
Table 4.2 Deflections at the load a t which the final strain readings were 
taken.
Beam Load (kN)
Deflection
(mm)
1 42 24.04
2 42 25.96
3 42 22.62
4 16 12.27
5 16 12.03
6 20 15.44
7 20 14.02
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Table 4.3 Deflection at load of 20kN.
Beam Load (kN)
Deflection
(mm)
1 20 9.67
2 20 9.93
3 20 8.58
4 20 15.76
5 20 15.15
6 20 15.44
7 20 14.02
Table 4.4 Deflections computed from strains and those measured.
Beam Load Defin
Com­
puted
defin
Avg.
end
slip
Measured
strain
X 10*^
Error
(3-4)
(3)
(kN) (mm) (mm) (mm) Et Ec %
(1) (2) (3) (4) (5) (6) (7) (8)
1 42 24.04 16,81 0.59 1436 900 30.1
2 42 25.96 19.56 0.83 1811 906 24.7
3 42 22.62 17.94 0.40 1658 835 20.7
4 16 12.27 8.22 0.55 772 370 33.0
5 16 12.79 7.04 0.49 614 364 45.0
6 20 15.44 11.29 0.56 1095 473 26.9
7 20 14.02 9.23 0.54 841 441 34.2
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Table 4.5 Comparison of measured and calculated deflections at 20kN.
Beam Load Defin
Com­
puted
defin
Avg.
end
slip
Measured
strain
X 10"^
Error
(3-4)
(3)
(kN) (mm) (mm) (mm) Ef Ec %
(1) (2) (3) (4) (5) (6) (7) (8)
1 20 9.67 8.44 0.02 780 392 12.7
2 20 9.93 8.75 0.07 819 396 13.5
3 20 8.58 7.95 0.03 744 360 10.5
4 20 15.76 10.41 0.73 982 464 33.9
5 20 15.12 9.38 0.65 852 451 38.0
6 20 15.44 11.29 0.56 1095 473 26.9
7 20 14.02 9.23 0.54 841 441 34.2
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Figure 4.9 Increased deflection due to end slip. This Is the deflection above 
that which can be expected had full integral action taken place.
In addition to the polythene at the timber-concrete interface, the 
difference in strength and stiffness of the beams was also due to the quality 
of the timber. Both naturai and seasoning defects were evident in the 
timber used. The amount and nature of these defects varied from piece to 
piece. Defects reduce the strength properties of wood but their weakening 
effect varies with the type of defect and their position in relation to the 
piece of timber as a whole and the use to which the timber Is put. Knots, 
sloping grains, ruptures and warping were the most frequent forms of defect 
present.
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Knots Influence the strength properties of a piece of wood to a varying 
degree depending on their size and position. The effects are greater on the 
tensile strength than on the stiffness. They are therefore of greater 
significance In beams, particularly when they occur In the vicinity of the 
maximum bending stress and on the bottom fibres. Knots near the centre 
and top of the beam are of iess importance since bending and tensiie 
stresses are not great in these regions.
Splits and checks (ruptures of the tissues) naturally reduce the strength 
properties of wood, particulariy its resistance to shear. The effect on the 
properties Is dependent on the plane of the rupture, being greater if the 
rupture occurs in a horizontal plane rather than in a vertical plane. 
Horizontal rupture also reduces the stiffness of a beam. This is because the 
second moment at area (I) of the section is reduced.
Sioping grains affect both the strength and stiffness of a beam, the effect 
depending on the slope of the grain. This reduction in strength and stiffness 
is because the applied load does not act directly parallel with or 
perpendicular to the grain. For this reason the strength properties are also 
reduced by warping of all kind.
The experimental work carried out as part of this research was done in four 
phases. First, forty two push-out specimens; second, three beams; third, 
fifteen push-out specimens; and finally, four beams were constructed and 
tested. At each stage the timber was examined and the best pieces 
selected for use. By the time the final phase had been reached, the 
remaining pieces were found to be very defective, particularly due to the 
presence of knots, warping, rupture and sloping grains. Figures 4.10 to 4.12 
show some of these defects. These pieces would certainly not have been 
classified for structural use, however, because of econom ic and time 
constraints they were used. As a result, along with the difference In the 
shear connecting system, the strength and stiffness of beams 4-7 are 
significantly lower than those of beams 1-3 (Figure 4.8).
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Figure 4.10 Knots in the timber of one of the beams tested.
Figure 4.11 Timber beam with sloping grains.
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Figure 4.12 Note the horizontal rupture In the timber.
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From the evidence of the results it would appear as though the defects In 
the timber had a greater effect on the strength than the stiffness of beams 
4 - 7. Figure 4.8 shows that the stiffnesses of these beams were very similar 
until failure. The failure load however varied much more.
4.7.3 Interface slip
Figure 4.13 shows the load/slip curve for a location above the supports at 
the timber-concrete interface of the beams. The slip is taken as the mean 
value of those above the supports. In beams 1,2 and 3 the slip was almost 
zero for loads of up to 16kN while in the others it was of the order of 0.5mm. 
As explained earlier, this is due to the additional resistance offered by the 
bond and friction between the timber and concrete. The curves are very 
nearly linear a t low load levels but as the load increased a more 
pronounced curvilinear relationship was noticed. This non-linearity was 
primarily due to the loss of material continuity associated with the localised 
crushing of the wood in contact with the connector as it was displaced.
Table 4.6 gives the end slips of the beams at various load Increments. The 
beams with polythene at the interface (4,5,6 & 7) showed greater slip a t 
each load level. Figures 4.14 to 4.20 show the load/slip curves at the 
supports and 1000mm from the supports for each beam. Once again, the 
unloading and reloading phases have been om itted for clarity. The slip at 
the intermediate points was generally less than the corresponding end slip. 
This is in keeping with the theory for composite beams. The slip is expected 
to vary from a maximum at the end to zero a t the centre for symmetrical 
loading.
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Figure 4.13 Load/slip curves for the beams tested.
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Figure 4.14 Intermediate slip 1000mm from support and end slip.
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Figure 4.15 Intermediate slip 1000mm from supports and end slip.
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Figure 4.16 Intermediate slip 1000mm from supports and end slip.
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Figure 4.13 Intermediate slip 1000mm from supports and end slip.
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Figure 4.19 Intermediate slip 1000mm from supports and end slip.
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Figure 4.20 Intermediate slip 1000mm from supports and end slip.
4.7.4 Repeated loading
Beam 1 was subjected to a limited number of load repetitions at the 
estimated working load. The objective of this exercise was to study the 
effect of the repetition of loading similar to the conditions occurring under 
traffic. The loading procedure was as follows: loads were applied in 
increments to 24kN; this load was then released and applied four times. 
After this, the beam was loaded gradually to failure.
The effect of the repeated loading may be judged from the recorded 
deflections and end slips (Figures 4.21 and 4.22). The four cycles of 
repetition of the load produced very little increase in both the deflection 
and slip at 24kN, the differences being 0.61mm and 0.03mm respectively. 
Since this load was approximately the safe or allowable load that would be 
used in the design of such beams, it does appear that there would be no 
great distortion or damage to the structure from load repetitions. This is in
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Figure 4.21 Effect of repeated loading on beam #1.
LOAD vs END SLIP - BEAM #1
I
I
80
60
40
20
21.510.5
SLIP (mm)
Figure 4.22 Effect of repeated loading on end slip.
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agreement with the results obtained by Richart and Williams (48) on slab 
deck composite timber-concrete beams. In their work the beams were 
subjected to 50 cycles of repetitions of the working load (20,0001b). The load 
was then increased to 50,0001b and subjected to another 50 cycies of 
release and reloading. In both instances there were very little increase in 
the deflections and slips. However, before firm conclusions can be made 
for T-beams it wouid be necessary to subject them to a much larger 
number of load repetitions.
One striking observation was the end slip measured in beam 1 during the 
load repetitions. There was very iittle slip recovery (0.05mm) as the structure 
was unloaded (Figure 4.22) and it may be concluded that this was a well 
defined permanent slip. Comparison of the failure load of beam 1 with 
those of beams 2 and 3 would indicate that there was no breakdown of 
the members and that the ultimate capacity was not affected by this 
treatment. The limited extent of the tests must however be considered in 
connection with these conclusions.
On reloading the beam 1 it was observed that the load/defiection 
relationship was linear between 0 and 24kN. During this stage the change 
in slip a t the interface was negligible. This confirms the earlier suggestion 
that the non-linearity in the structure is caused by the slip a t the timber- 
concrete interface. Beyond 24kN both the slip and deflection continued to 
follow the original path since there were no permanent deformation to the 
structure.
4.7.5 STRAIN DISTRIBUTION
4.7.5.1 Calculations on strain measurements
(a) VW gauges. The output from the Strain Measuring Unit is the period of 
the vibrating wire multiplied by 10^ The gauge factor K for vibrating wire
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strain gauges of the type used can be taken as x lO''* mlcrostroins per 
frequency squared, where L Is the vibrating wire length measured in inches 
(18).
Let the reading from the strain measuring unit be T. Then
( 4 . 2 )
where P Is the period of the vibrating wire. The frequency f of the vibrating 
wire Is therefore
T (4.3)
and the strain in the wire Is
e=arf= ( 4 . 4 )
This gives. 1 n? 2 e = K x (J ^ ) ( 4 . 5)
Let Tt be the datum reading and \  ariy subsequent reading from the Strain 
Measuring Unit. Then the change in strain in the wire between these two 
readings is
G-K 10 7 \
•1 /
10"^ (4.6)
With L = 5.5", this equation becomes
e = 3 0 .25x10^° ( 4 . 7 )
A +ve value indicates compression and a -ve value tension.
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(b) Demec gauges. Demec gauges are supplied with a gauge factor by 
the manufacturers. The difference between two gauge readings, muitiplied 
by this factor, gives the change in strain between those readings.
4.7.5 2 Strain distribution
Whiie the effect of siip between concrete and timber is refiected in 
increase deflection, the best conception on its effect on structurai action 
is obtained from a study of strains measured at midspan. Figures 4.23 to 4.29 
shows diagrams of the strain distribution at the midspan of the beams 
throughout their depth. The diagram shows that in ail the beams two neutral 
axis were present, i.e., there was incomplete interaction a t the interface. 
Note that the position of the neutral axis in the concrete and timber 
change position. This is because as the fibres in the timber separate and/or 
the concrete cracks, redistribution of stresses takes place causing a shift in 
the position of the neutral axis.
The difference in strain between the concrete and timber a t the interface 
is a measure of the degree of composite action achieved, in a fully 
composite section the strain difference is zero, increasing to a maximum for 
the case where there Is no interaction. Beam 3 exhibited the least strain 
difference at the interface and examination of the ioad/defiection curves 
reveals that this beam was the stiffest. This is in keeping with the theory of 
composite beams and is a useful indicator of the performance of the 
structure. The strains at the third points are shown in Figure 4.30 to 4.36.
in most of the beams the strain readings were fairly linear throughout the 
depth of both the timber and concrete. In those where there were marked 
deviations in the readings, this was observed to be the case at ail the load
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Figure 4.28 Measured strains at different ieveis at midspan of Beam 6.
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levels. This was probably due to some material defect in the region where 
the readings were taken.
4.7.6 FAILURE
Of the seven beams tested five of the failures were in the timber and the 
other two in the concrete. Examination of the shear connectors offer the 
tests revealed that there was a small amount of permanent deformation, 
but there was no evidence of failure in these elements.
The maximum loads carried by the beams are given in Table 4.7. In beams 
1 and 2 the failure was sudden and in the concrete. The concrete slab 
cracked between the end and the loading point along the centre line 
(Figures 4.37 and 4.38). These cracks coincided with the position of the 
shear connectors and before the failure there were no warning signs. As 
with the push-out specimens, this failure was due to the bearing stresses on 
the concrete due to the high load transferred across the interface by the 
connectors. A t this stage the timber showed no obvious signs of distress.
The failure in beams 3 and 4 can be described as cross-grain tension 
(Figures 4.39 and 4.40). In these beams the failure started in the outermost 
tensile fibres and progressed into the beam at an angle to the longitudinal 
axis. This angle coincided with the direction of the grains, in beam 5 the 
failure started at a knot (Figure 4.41). The diameter of this knot was about 
one-third the depth of the beam and it was located in the bottom third of 
the beam where the tensile stresses are highest. As a result this failure was 
expected. The failure in beams 6 and 7 were similar to those in beams 3 
and 4 (Figures 4.42 and 4.43).
Cracking or splitting of the concrete is most likely only when a single row of 
connectors is used. Johnson and Oehiers (27) in their work on steel-concrete 
composite beams found that splitting will not occur before the design
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ultimate ioad is reached unless several of the adverse factors exists:
1. A high proportion of the total load is applied as a single point load.
2. A high intensity of longitudinal shear, for which transverse
reinforcement exceeding about 1% of the total area of the slab 
should be provided (in accordance with current design rules).
3. Shear connection is distributed over a narrow breadth of slab (e.g. 
a single row of studs).
4. A heavy point load is applied successively a t different locations
along the span of the beam.
These adverse factors are more common in laboratory testing than in 
practice. Even if splitting does occur in practice the transverse 
reinforcement will prevent it from spreading along the beam unless another 
adverse factor is present.
As was the case of the push-out tests, the ultimate load of the beams 
where failure was in the timber was less than those where the failure was in 
the concrete. As the load was applied to the structures that exhibited 
timber failure there were warnings long in advance that the ultimate 
capac ity was being reached. Cracking sounds were first heard coming 
from the timber and later on, separation of the timber fibres could be seen. 
Because of these early warnings, timber failure is much more desirable than 
concrete failure in practice.
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Table 4.7 Failure load of beams tested.
Beam No. Conn. Spacing Max. Load (kN) Manner of 
Failure
1 160mm 71.56 Cracking of 
concrete
2 160mm 74.98 Cracking of 
concrete
3 160mm 64.14 Tension,
timber
4 240mm, Pol. at 
interface
39.94 Tension,
timber
5 240mm, Pol. a t 
interface
54,77 Tension,
timber
6 160mm, Pol. a t 
interface
43.96 Tension,
timber
7 160mm, Pol. a t 
interface
24.10 Tension,
timber
Pol. - Polythene
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Figure 4.37 Failure of beam 1. The concrete cracked along the centre from 
the end to the load point.
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Figure 4.38 Failure of beam 2. The concrete also cracked along the centre 
from the end to the load point.
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Figure 4.39 Cross groin tension failure in timber of beam 3.
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Figure 4.42 Beam 6 faiied by cross grain tension. Tfie faiiure started In a 
section where there was some rupture.
154
I0 (/)
1
c
2 o
%2o
È
%
8
£
§ÛQ
COTT
23O)
155
CyÂFlFII^  ¥ W
DESCRIPTION AND VALIDATION OF THE FINITE 
ELEMENT PACKAGE AND MODEL
5.1 INTRODUCTION
The finite element method has been used extensively for the linear and non­
linear analysis of many complex structures. Including composite bridges, 
over the past quarter of a century. This method is now accepted as the 
most general available because other models tend to be limited in terms 
of their applicability since more restrictions are usually placed on them in an 
attem pt to simplify their solutions.
The analysis of composite structures Is complicated by the structural 
discontinuity. Including slip between the two materials, at their common 
Interface. Finite element representation of this siip is often achieved by the 
use of special slip elements which are not available to the designer limited 
to standard finite element packages.
This chapter shows how it is possible to modify the properties of standard 
finite elements to make them equivalent In stiffness to the connecting 
system. A brief description of the finite element package LUSAS, which has 
been used to carry out ail the studies in this thesis is first presented. The 
salient features of the model have also been described and a comparison 
made of the results with experiments.
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6.2 DESCRIPTION OF THE FINITE ELEMENT PACKAGE
The LUSAS package is a system produced and distributed by Finite Element 
Analysis Ltd. It is a general purpose engineering analysis system capab le of 
analyzing a w ide range of problems Including linear and non-linear static 
stress analysis, dynam ic analysis, buckling and heat transfer. Further 
information can be found in the user manual (17).
Although a w ide range of elements is available, only the quadrilateral 
plane membrane element was adopted to model the structure. Two 
models were considered, both using eight noded quadrilateral plane 
membrane elements to represent the timber beam and concrete slab. In 
one of the models eight noded quadrilateral plane membrane elements 
were also used to represent the shear connectors, whiie in the other, four 
noded quadrilateral plane membrane elements were used. These element 
have sixteen and eight degrees of freedom respectively, corresponding to 
two perpendicular translations at each node as Indicated In Figure 5.1.
The analyses have been carried out using material non-linearity. The 
constitutive model governing the material non-linearity was chosen to be 
the von-Mises yield criterion with isotropic hardening.
The non-linear equations are solved by using a Newton-Raphson based 
Iterative technique. Two approaches can be used, (1) full Newton-Raphson 
and (2) modified Newton-Raphson. The main difference between the two 
methods Is that In the full Newton-Raphson the stiffness matrix is updated 
after each iteration, whereas the modified Newton-Raphson technique re­
uses a previous stiffness. This is the main disadvantage of the full Newton- 
Raphson method, it however converges faster because the stiffness matrix 
Is updated after each Iteration. With the modified method, the stiffness 
prediction Is less accurate, resulting in more equilibrium Iterations and thus 
a slower convergence rate. It can however be quite rapid for a reaiistic 
initial estimate and with the use of acceleration techniques such os line
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searches.
(a) QPM8
(b) QPM4
Figure 5.1 Elements adopted in the analysis.
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The major non-linearity In timber-concrete composite beams Is localised (In 
the region of the shear connectors), and the response can be considered 
as moderately non-llnear. Concrete Is also moderately non-llnear, however, 
because of the localised effect of the connector this property Is not 
realised. Since equilibrium Iterations are generally computationally cheaper 
than stiffness matrix reformations, a general economy may be obtained 
using a modified procedure. The modified Newton-Raphson method was 
therefore used In this research.
The LUSAS finite element package exhibits a w ide range of convergence 
criteria. The one chosen throughout the work presented in this thesis Is a 
criterion which measures the norm of the out-of-balance force vector as a 
percentage of the tota l applied load vector Including the calculated 
reactions. The value of the tolerance used In this criterion Is very much a 
matter of experience.
5.3 FINITE ELEMENT MODELLING
5.3.1 Modelling considerations
The modelling of the timber-concrete composite system was based on the 
consideration that It was essential to achieve an accurate representation 
of the behaviour pattern evidenced In the tests. Consequently, appropriate 
elements were selected to model the various components of the structure 
in order to achieve partial composite action in the analytical model.
A full three dimensional treatment of the problem can be avoided by 
assuming the structure to be adequately represented If plane stress or plane 
strain conditions are adopted. These representations Illustrate all the 
essential features of the process w ithout Introducing the complications of 
three dimensional applications. Differences In the flange and web 
dimensions can be incorporated by varying the geometric properties of the
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elements. For this reason, two dimensional Isoparametric elements have 
been used In this research. These elements are extremely versatile, good 
performers and are well tried and tested (22).
Since the model uses two dimensional elements. Internal stresses and stress 
variations In the transverse direction are not accounted for. However, 
because the concrete flange of a timber-concrete composite beam is 
narrow. In practice, shear lag effect Is not expected to be significant. The 
model can therefore predict the deflection, slip and strength of the beams.
5.3.2 Concrete model
The aim of the LUSAS NON-LINEAR CONCRETE CONSTITUTIVE MODEL Is to
reproduce the salient features of the non-llnear response of reinforced 
concrete and the following aspects are considered:
(a) the non-llnear stress-strain relationship observed both In compression 
and tension,
(b) the ability of the cracked concrete to carry tensile stress, and
(c) the shear transfer In cracked concrete.
The concrete used In the construction of the beam was plain. Hence, once 
a crack was formed, the ability to carry tensile stress and the capac ity for 
shear transfer between the cracked surfaces are dependent on the 
aggregate Interlock only. Cracks are formed when the tensile stress at a 
point (usually a gauss point) equals or exceeds the tensile strength of the 
concrete.
The experimentally observed gradual release of stress from cracked 
concrete Is Implemented as a descending branch of the stress-strain 
relationship (EF In Figure 1.1). A linear decay straln-softening model Is utilised 
whereby the rate of stress release Is controlled by the specification of a 
softening parameter, a. This relates the Initial cracking strain, e„,, to the
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ultimate tensile strain by
e«2c=“ ®cr ( 5 . 1 )
Where e„ = f,/E,
The numerical value of a can vary significantly and Is problem dependent 
but for certain problems may be critical. Typical values range from 5 to 50 
(16) depending on the failure mode expected. Shear dominated behaviour 
exhibits a brittle response for which lower values of a are appropriate. In 
contrast, higher a values are more effective for the more ductile nature of 
flexurally dominated response. Since the concrete used In the present study 
was plain a low value of a would be appropriate. Analysis were carried out 
using values of 5, 7 and 10 and It was found that the results was not 
sensitive to this parameter over this range. A value of 5 was therefore used 
for the present study.
5.3.3 Timber model
Wood behaves In a linear elastic manner under the action of tensile loads 
(Figure 1.1). This property, along with Its orthotropic behaviour must be 
adequately represented in the finite element model. The ORTHOTROPIC 
LINEAR ELASTIC CONSTITUTIVE MODEL of LUSAS was used to represent this 
material. This Is a plane stress model and as such, only properties In the 
longitudinal and radial directions were required for the analysis. Two 
material properties are utilised In the forming of the element modulus 
matrix:-
(I) Young's modulus (E),
(II) Poisson's ratio (v).
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5.3.4 Connector model
In addition to shear stresses, the connectors are also subjected to bending. 
The slip a t the Interface Is made up of the deformation of these connectors 
and the crushing of the timber fibres and concrete due to bearing in the 
region of the connectors. This slip Is the major source of non-linearity In these 
structures and has been taken Into consideration In modelling the elements. 
This Is represented by a general non-linear hardening law In LUSAS and Is 
defined by describing the evolution of the yield surface as a function of the 
effective plastic strain using a series of straight line segments as shown 
in Figure 5.2, I.e.,
K{e^) -Oy- i -HieP)  ( 5 . 2 )
where Cy Is the Initial yield stress and H Is the Isotropic hardening tangent.
The constitutive model chosen Is designated MATERIAL PROPERTIES NON­
LINEAR 72 In LUSAS and utilises the von-Mlses yield criterion.
The connecting element should Ideally be modelled with orthotropic 
properties giving appropriate stiffnesses In the two directions. The results of 
the beam tests however Indicated that uplift was negligible In the system 
(ôxlO'^ mm just prior to failure). In addition, research on steel-concrete 
composite beams has shown that uplift has negligible effect on the 
distribution of slip along a beam (26). Uplift Is therefore not Included In the 
present model.
Also, It was not necessary to define the size or spacing of the connectors 
since the behaviour was fully defined by the geometric properties of the 
connecting element In the model.
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KPP 88
Figure 5.2 Definition of the non-iinear hardening iow.
163
3.3.5 Type of loading
Several load types are available in LUSAS, however, the concentrated load 
(CL) best represents that applied to the beams tested. The loads are 
applied a t the nodes of the elements concerned.
5.3.6 Mesh configuration
Eight noded quadrilateral plane membrane elements, designated QPM8 in 
LUSAS, were used to represent the timber and concrete components in the 
finite element model (Figure 5.3). These elements then had to be 
connected to model the connectors across the real interface. Two methods 
of connecting these elements were considered and analyzed.
Method (a), in this method the shear connectors were modelled as discrete 
elements. A finite gap was introduced between the timber and concrete 
elements and these were joined at nodes c and t by four noded 
quadrilateral elements. This is shown in Figure 5.4, the shaded region 
representing the connectors. The gap between the timber and concrete 
was of the order of 10mm. This value can vary since the input data for these 
elements are adjusted to make them equivalent in strength and stiffness to 
the actual connectors. The elements have a high aspect ratio, but since 
they primarily resist shear, the effect on the performance was negligible.
Method (b). In this method the shear connectors are represented as 
continuous elements, i.e., there are no separation between successive 
nodes along the timber concrete Interface. Once again, it was required to 
connect nodes c and t. This was done by connecting the nodes c to a row 
of independent nodes f, using QPM8 elements, and then connecting nodes 
f to nodes t. Figure 5.5a shows this arrangement. Nodes c, f and t all lie in 
the same plane, but for illustration have been shown in separate planes. 
The position of node f is not important since the input data is adjusted
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accordingly. The real connectors primarily transfer only shear across the 
timber-concrete interface. The two dimensional connecting elements can 
however carry both shear and direct forces. To prevent the transfer of 
longitudinal forces by direct stress in the elements, each pair of connecting 
elements was separated iongitudinaiiy as shown in Figure 5.5b.
The mesh configuration described in method (a) would hereafter be 
referred to as Mesh A and that in method (b) as Mesh B,
Mesh B has previously been used successfully to model steel-concrete 
composite beams (23). The investigation of the simple model (Mesh A) was 
however felt useful in order to establish the possibility of using a simplified 
model which would result in a substantial reduction in the size of the mesh 
and hence computer cost. The time taken for the numerical analysis would 
also be greatly reduced.
Timber-concrete Interface- 
Finite element for concrete
/
Finite element for timber
Figure 5.3 Finite element idealisation of composite beam
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Figure 5.4 Finite element representation showing 
connecting elements.
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(b) Separation of adjacent connecting 
elements along the span.
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5.4 INPUT DATA
The input data for the materiai properties were obtained from laboratory 
tests. The properties of the concrete were :
Compressive strength - 43.9 N/mm^
Modulus of elasticity - 32379 N/mm^
Tensile strength - 4.4 N/mm^
Poisson's ratio - 0.11
The tensile strength of the concrete was taken as 10% of the compressive 
strength (28).
The input data for the timber were:
Modulus of elasticity in the longitudinal direction, - 27700 N/mm^ 
Modulus of elasticity in the radial direction, Ey - 1660 N/mm^
Shear modulus, - 1385 N/mm^
Poisson's ratio, v - 0.2
Ey and G^ y were taken as 0.06E^  and O.OSE^  respectively as recommended 
by the American Society of Civil Engineers (1).
The properties of the connectors were evaluated from the load/slip data 
obtained from the push-out tests. This relationship is non-iinear as shown in 
Chapter 3. The stiffness of a connector is expressed as K, a load/unit slip, 
interface slip deforms the connecting element in shear and bending and 
from simple beam theory (23) the stiffness of this element is given by
a
' 2.4j2(l+v) , h^\ (5 . 3 )
b t
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To calculate the properties of the connecting elements the load/slip curve 
was first approximated by a number of straight line segments. The stiffness, 
K, was then evaluated for each segment. Once the dimension of the 
connecting elements, h, b and t have been chosen to suit the finite 
element mesh the Young's modulus, E, was obtained from the above 
equation so that the elements have a stiffness equivalent to K. An example 
of the calculations required to establish the connecting element properties 
is given in Appendix A.
Appendix B is a printout of the input data of one of the analyses carried 
out. The results obtained from the finite element analyses are presented in 
the following section and compared with those from the beam tests carried 
out in the laboratory.
5.5 VALIDATION OF THE FINITE ELEMENT PACKAGE AND MODEL
5.5.1 Introduction
in order to gain confidence in the validity of the finite element package 
and to demonstrate that the chosen mesh configurations shown in Figures 
5.4 and 5.5 would converge to solutions of acceptable accuracy, it was 
necessary to carry out a comparative study with experimental results as well 
as numerical results.
5.5.2 Validation o f the finite eiement package
Rahal (45), Hindi (21) and Louca (29) have ail carried out validation studies 
of the same finite eiement package, LUSAS, on stiffened and unstiffened 
plates. These studies involved both geometric and material non-linearities 
and comparison between the solutions from LUSAS and other analytical 
solutions was excellent. It was therefore not necessary to carry out this study 
as part of the present research.
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5.5.3 Validation of the finite element model
Although the volldlty of the finite element package for non-iinear analysis 
has been demonstrated by previous users, any analytical model for 
complex non-linear problems must ideally be verified by means of 
experimental data to ensure its validity and degree of accuracy, in this 
section seven beams are analyzed using LUSAS and the results are 
compared with the corresponding experimental results. The beams were 
tested in the laboratory as part of this study and are not necessarily 
indicative of the type and size of beams used in the normal design of 
bridges. The purpose of the laboratory exercise was to investigate different 
connector arrangements and as such the beam dimensions were not 
critical. The correlation exercises aimed to provide full confidence in using 
the package and model for the parametric studies to be carried out in the 
next stage.
Other researchers (31,43,48) have reported on tests carried out on timber- 
concrete composite beams but unfortunately, there was no information on 
the load/slip characteristics of the shear connectors and detailed analytical 
studies could not be carried out on those tests. Beams 1, 2 and 3 were 
identical, the connector spacing being 160mm (lOd) with no separation at 
the timber-concrete interface. Beams 4 and 5 had connector spacings of 
240mm (15d) with a sheet of polythene separating the timber and 
concrete. Beams 6 and 7 had connector spacings of 160mm and there was 
again a sheet of polythene separating the timber and concrete.
In the push-out tests carried out as part of this study and described in 
Chapter 3, tests were not conducted on specimens with connector 
spacings of lOd and 75mm width timber. The ioad/siip da ta for beams 1,2 
and 3 were therefore determined from those of the POlOdPi using the 
relationship obtained from the comparison of the P015d and P015dPi 
results (Section 3.7.2). The stiffness of the POlOd connector (K^ q^ ) was taken 
as
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l^Od*^10dPI^  ^^ISdPl
Comparison of the anaiyticai and experimental resuits for deflection is 
shown in Figures 5.6 to 5.8, and for siip in Figures 5.9 to 5.11. in addition, the 
upper and iower bound solutions are aiso shown. The upper bound 
corresponds to a solution for an equivalent solid beam, and the lower 
bound is for a beam with no connection between the timber and concrete.
Good agreement was obtained between the analytical and experimental 
deflection for beams 1, 2 and 3 as shown in Figure 5.6. As the beams 
approached failure the experimental results deviated from the analytical 
results. This Is because cracks in the concrete and/or splits in the timber 
would have started to develop, resulting in a reduction in the beam 
stiffness. The model slightly over estimated the siip in these beams but the 
comparison can also be considered as good. There was also a reduction 
in the siip modulus of the connector as failure approached.
The analytical and experimental deflections of beams 4 and 5 also 
compared well for loads of up to 31 kN (Figure 5.7). Beyond this load there 
was a decrease in the stiffness of the beams with beam 4 failing at a load 
of 39.94kN and beam 5 a t 54.77kN. This decrease in stiffness and early 
failure were due to the defects in the timber as explained In Section 4.7.2. 
A similar pattern was observed between the analytical and experimental 
values of siip (Figure 5.10).
Beams 6 and 7 also foiled early. However, the analytical and experimental 
values for both the deflection and slip compared well in the initial stages 
(Figures 5.8 and 5.11).
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Figure 5.6 Comparison of analytical and experimental results of 
beams 1, 2 and 3.
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LOAD vs END SLIP
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Figure 5.9 Comparison of analytical and experimental results of 
beams 1, 2 and 3.
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Figure 5.10  Comparison of anaiytcai and experimental resuits of 
beams 4 and 5.
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Generally, the finite element model over estimated the slip at the timber- 
concrete interface. This over-estimation of slip is usual in the analysis of 
composite beams using the ioad/siip relationship from push-out tests. Ideally, 
this relationship shouid be found from tests on composite beams but a 
simpler specimen is necessary in practice. Johnson (24) in his work stated 
that in simpiy supported beams, where the flange is in compression, the 
stiffness of the shear connection may be up to tw ice as great as that found 
in a push-out test.
The large effect of Interlayer slip is evident when the actual deflection of 
the beams is compared with that from the equivalent solid beam, it is 
evident that even for a reasonably small value of the applied load, the 
actual deflection is much greater than for the equivalent solid beam, 
particularly where there were polythene at the timber-concrete interface. 
Comparison with the lower bound solution shows the benefit in terms of 
increased performance that are gained by the presence of the shear 
connectors. An indication of the degree of composite action in the beams 
can also be obtained by comparing the deflection with the upper and 
lower bound values.
6.7 CONCLUSION
A timber-concrete composite beam is a very complex structure to analyze. 
A correct method of analysis must properly account for the non-linear 
effects of siip a t the interface. The finite element model described does 
incorporate these effects, input to the program allows an element to 
eiement variation in the number and spacing of the connectors and all 
other material properties.
The analytical and experimental values of deflection and slip compared 
well. This results add considerable confidence to the reliability of the model. 
To obtain the high correlation between the analytical and experimental
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results, the mechanical properties of the timber and concrete and the non­
linear load/slip characteristics of the connector had to be carefully 
determined and used in the analysis.
The great importance of interlayer slip on deflection was clearly exhibited 
by the experiments and is properly contained in the developed model.
Based on the results obtained the model can be considered to be 
satisfactory for predicting the behaviour of timber-concrete composite 
beams assuming the load is of short duration. Time-dependent behaviour 
is not considered and modification of the model would be required.
The models can therefore be used with confidence to carry out studies to 
determine the effect of the variation of the most important parameters on 
the behaviour of timber-concrete composite beams.
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PARAMETRIC STUDY
6.1 INTRODUCTION
Although o number of studies have been carried out into the behaviour of 
timber-concrete composite beams, it is clear from the literature review that 
a systematic parametric study has not been undertaken.
Previous studies on timber-concrete composite beams have concentrated 
mostly on their ultimate strength using various types of shear connectors (31, 
48,52). The effect of repeated loadings and the use of lightweight concrete 
have also received some attention (48, 49).
Because of the confidence gained in the previous chapter in the validity 
of the finite eiement package and model. It was possible to proceed with 
a systematic study of a number of parameters which are considered to 
Influence the performance of timber-concrete beams. The parameters 
Investigated were:
(a) concrete strength and weight,
(b) timber strength,
(c) width of concrete flange,
(d) depth of concrete flange,
(e) span/depth ratio,
(0 connector strength,
(g) shape of the load/slip curve and
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(h) type of loading.
One hundred and thirty four beams were analyzed In this study. The main 
objective was to determine the effect of changing the parameters on the 
behaviour of the beams at the working load and through to failure. This 
wouid iead to a greater understanding of the behaviour of this structure 
and hence the formulation of relevant design equations.
6.2 PARAMETRIC STUDY
The load/slip characteristic of the connector used in this study was that of 
the POlOdPI from the push-out tests (Chapter 3) unless otherwise stated. This 
configuration was chosen because it represents that which is most iikely to 
be used in practice. The strength of the connector was 24kN and the slip 
capacity 2.0mm. Also, 30N/mm^ concrete and timber with the properties of 
greenheart as obtained from the laboratory tests were used unless 
otherwise stated.
In carrying out the analysis of the beams the working load was taken as the 
least of:
(a) the load required to produce the grade stress in the timber,
(b) the ioad required to produce a deflection in the beam of span/300, 
and
(c) the load required to produce an end slip equal to that a t O.SP^  in the 
push-out test with P^  being the connector strength.
The beam was considered to have failed when either:
(a) the slip capacity of the connector had been attained,
(b) the stress in the timber was equal to its strength, or
(c) the stress in the concrete was equal to its strength.
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6.2.1 Choice of finite eiement model
In the previous chapter two models were used in the validation study. These 
models, referred to as Mesh A and Mesh B, consisted of a simple and a 
more complex connecting system respectively. The results from both models 
compared well with the laboratory results and as such both were initially 
used In the parametric study.
On examining the results It was found that with Mesh A the siip a t the 
interface for beams with high connector stiffness fluctuated signiflcantiy in 
the initial stages. That is, as the load increased the slip increased, then 
suddeniy decreased, increased and decreased again, then increased 
continuously. The reason for this behaviour is not ciear but it may be due to 
some form of numericai instability caused by the connector properties. The 
central deflection compared well with the predictions of Mesh B but 
because of the fluctuations in the slip it was decided not to use the simple 
modei in this study. All of the analyses were therefore carried out using the 
modei referred to as Mesh B.
6.3 RESULTS OF THE STUDY
6.3.1 Effect of concrete strength and weight
Light weight and normal weight concrete with strength ranging from 20 to 
40N/mm^ were investigated. The properties of the concrete are
NW40 NW3Ü NW20
E (N/mm^) 31000 28000 25000
p (Kg/m^) 2400 2400 2400
NW40  -  Norm al weight concrete with strength o f 40N/mrr)^
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LW40 LW30 LW20 
E 15800 14600 13500
p(Kg/m ^ 1800 1800 1800
LW30 - Light weight concrete with strength o f 30 N /m rrf,
The geometric properties of the beams were b^ = 300mm, ~ 75mm, b^  =
75mm, = 150mm and L = 4000mm, as defined in Figure 6.1.
Resuits of the study show that the strength of the concrete had no effect 
on the working load or the stiffness of the beams. This is shown in Figure 6.2, 
the ioad deflection curves following the same path untii failure. The beam 
with 20N/mm^ concrete however failed at an earlier load (43kN) due to 
compression of the concrete. This was in comparison to a failure load of 
52kN for beams with concrete strengths of 30 and 40N/mm^. The failure in 
both of these beams was due to excessive slip at the timber-concrete 
interface.
As was the case with the deflection of the beams, the load/slip curves all 
followed the same path. Figure 6.3 shows typical curves for the slip 
distribution along the interface at the working load and tw ice the working 
load.
The use of lightweight concrete results In a higher modular ratio causing 
larger deflections. However, from Figure 6.4 it can be seen that these 
deflections are not significantly larger. Since there was no change in the 
geometry, the end siip in both cases was practically the same. This is 
because the shear stress at the interface was unchanged. Also, for equal 
strength concrete, the weight does not affect the load capacity of the 
beam.
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Figure 6 .1  Geometry of beam analysed. Only half of the beam is 
shown since it is symmetrical.
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Figure 6.2 Effect of concrete strength on beam deflection.
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Figure 6.3 Slip distribution along the beam at the working load (WL) and 
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Figure 6.4 Effect of concrete density on central deflection.
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6.3.2 Effect of timber properties
For simplicity in design, softwood and hardwood grades having similar 
strength and stiffness properties have been placed in strength classes in BS 
5268 (9). There are nine strength classes named SCI to SC9, with the first 
mentioned being the weakest. In heavy timber structures species from SC9 
and SC8 are most widely used. It was therefore decided to use the 
properties of these two strength classes, along with 307 in this study. SC7 
was chosen in order to investigate the possibility of using some of the less 
dense hardwoods which, if technically feasible, can result In reduction in 
weight and cost of the structure.
The material properties used were os given in BS 5756 and are shown below:
SC9 SC8 SC7
Ex (N/mm^) 21600 18700 16200
Ey (N/mm^) 1296 1122 972
Gxy (N/mm^) 1080 935 810
p (kg/m^) 1200 1080 960
GS (N/mm^) 20.6 17.5 15.0
One of the beams analyzed in section 6.3.1 was re-analyzed using the 
properties of SC9, SC8 and SC7 timber. The results of the study show that 
both working and failure loads had increased with the strength of the 
timber. The increase in these loads from SC7 to SC8, SC8 to SC9 and SC9 to 
greenheart (with properties from laboratory tests) was 5%, 5% and 12% 
respectively. Table 6.1 shows part of the results of the study.
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Table 6.1 Effect of timber properties on working and failure loads,
Timber
GH SC9 SC8 SC7
WL 34.3 31.1 29.6 28.2
FL 73.4 65.3 61.5 58.2
^WL 12.5 12.9 13.1 13.3
Dfl 31.6 32.5 33.1 33.8
GH  =  greenheart, WL =  Working load, FL =  Failure ioad, D^i =  Deflection a t working load  a n d  =  D efection  
a t  failure load.
The stiffness of the beams increased with the strength of the timber as 
expected. Graphs showing variations in the central deflection with the 
working and failure loads are shown in Figures 6.5 & 6.6. These analysis 
indicate that working and failure loads of beams made from SC7 and SC8 
timber can be expected to be 89% and 91% respectively of those made 
from SC9 timber. Also shown in Figures 6.7 & 6.8 are the load/deflection and 
load /slip curves for the beams up to failure. These indicate that the 
strength and stiffness of composite beams will increase with the strength of 
the timber.
6.3.3 Effect of width of concrete flange
Eight beams were analyzed In four sets of pairs with the w idth of the 
concrete flange being the only variable in each pair. The range of flange 
w idth investigated was 300 - 800mm. Table 6.2 shows the geometry of the 
beams with reference to Figure 6.1.
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Table 6.2 Dimension of beams. The width of the concrete flange is the only 
variable in each pair of beams.
Beam L D dc 4 be bt
1 4000 225 75 150 300 75
2 4000 225 75 150 400 75
3 4000 270 90 180 300 75
4 4000 270 90 180 500 75
5 8000 425 125 300 600 200
6 8000 425 125 300 700 200
7 8000 450 150 300 600 200
8 8000 450 150 300 800 200
All dimensions in mm.
The results indicate that the strength and stiffness of these beams are not 
sensitive to the width of the concrete flange. This is because changing the 
w idth of the concrete flange has very little effect on the moment of inertia 
( I )  of the section and the position of the neutral axis. The stiffness of the 
beams and the shear stress at the interface are related to these properties 
and hence remain unchanged.
6.3.4 Effect of depth of concrete flange
Four beams were analyzed in this part of the study with depths of 75 - 
150mm. The dimensions of the beams are shown in Table 6.3.
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Table 6.3. Dimensions of beams analyzed to determine the effect of the 
depth of the concrete flange.
Beam L D dc 4 t>c fc>t
1 8000 375 75 300 600 200
2 8000 400 100 300 600 200
3 8000 425 125 300 600 200
4 8000 450 150 300 600 200
All dimensions In mm.
The results of the study show that there is a small increase (6%) in the 
working load of a section as the depth of the flange increased from 76 to 
150mm. There was however a small decrease in the failure load (6%) in 
these structures as the concrete depth Increased (Figure 6.9). The failure in 
these structures was due to excessive slip at the interface. As the depth of 
the concrete increases the position of the neutral axis shifts towards the 
timber-concrete Interface. This causes an Increase in the shear stress at the 
interface resulting in the connectors reaching their slip capacity earlier.
As expected/ the stiffness of the beams increased with the depth of the 
concrete at ail load levels. Figure 10 shows the deflection of the beams for 
different depths of concrete flange at the working and failure loads while 
Figure 6.11 shows the full load/deflection curves. A plot of load against end 
slip shows that initially the curves all follow roughly the same path (Figure 
6.12). As the load level increased the slip at the interface of the deeper 
sections got larger as explained earlier.
6.3.6 Effect of span/depth <L/D) ratio
In this part of the study, sections with L/D ratio ranging from 15 to 26 were 
analyzed. The sections were proportioned such that the depth of the timber
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was roughly tw ice that of the concrete. The 2:1 ratio of depth of timber to 
concrete was kept constant in order to eliminate the effects of changes in 
the depth of either one only. Table 6.4 gives the dimensions of the beams.
Table 6.4 Dimensions of beams analyzed to determine the effect of the L/D 
ratio.
Beam L D dc 4 be bt
1 4000 270 90 180 300 75
2 4000 216 72 144 300 75
3 4000 190 65 125 300 75
4 4000 160 55 105 300 75
A summary of the results is shown in Figures 6.13 to 6.17. The section with L/D 
ratio of 25 exhibited concrete failure while In the others, failure was due to 
excessive slip a t the timber-concrete interface. This Is because the stress in 
the concrete of the shallower section would be greater for a given loading 
condition resulting in an earlier failure. Figure 6.13 shows the benefit of a 
deeper section. Both the working load and the failure load increased as the 
L/D ratio decreased. A change in the L/D ratio from 25 to 15 resulted in the 
working load being three times larger and the failure load more than 
doubling.
As expected, the stiffness at any given load level increased with the depth 
of the section. Figure 6.14 shows the variation of the deflection a t the 
working load of the smallest section (8.8kN) and at 20kN. In both cases 
there are marked Increases in the deflection as L/D increased. A similar plot 
showing the variation In slip is given In Figure 6.15, the graph foilowing the 
same pattern. The increased stiffness with depth of the section is further 
evidenced in the plot of load against central deflection and load against 
end slip in Figures 6.16 & 6.17.
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Figure 6.16 Load vs central deflection showing the effect of L/D ratio.
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Figure 6,17 Load vs end slip showing the effect of the L/D ratio.
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6.3.6 Effect of connector strength
Figure 6.18 shows the load/slip curves Investigated In this part of the study. 
The curve labelled POlOdPI has been used so far In the analysis while curves 
A, B and C are for connectors with increased strength and slip capacity. 
These curves (A, B and C) do not represent any one particular connector, 
but can be for any connector with the same load/slip characteristics. One 
of the beams analyzed previously was re-analyzed using curves A, B and C. 
The dimensions of the beam were b^ = 600mm, b^  = 200mm, D = 450mm, d  ^
= 150mm, d| = 300mm and L = 8000mm. The results are shown in Figures 6.19 
to 6.22.
The three criteria outlined previously (6.2) are considered in the evaluation 
of the working load of beams with connectors having the load/slip 
characteristics shown In Figure 6.18. From this graph, the slip a t 0.5P„ are 
0.19mm, 0.31mm, 0.59mm and 0.87mm for curves A, B, C and POlOdPI 
respectively. This Is in the reverse order of the connector strength and is due 
to the fact that the stronger connectors develop most of their strength in 
the initial stages. The analysis show that the load required to produce the 
above end slip in the beams is 27.33kN, 30kN, 32.11 kN and 34.3kN for curves 
A, B, C and POlOdPI respectively. The results Imply that the working load 
reduces as the connector strength increases, but this is contrary to what 
one may expect. The reason for this Is that a much smaller end slip is 
required in a beam with connector curve A as against one with POlOdPI 
curve. The slip with the POlOdPI curve Is 4.6 times that of curve A while the 
load is only 1.26 times.
If the working ioad is taken as that required to produce a central deflection 
of span/300, then values of 88.42kN, 86.1 IkN, 72.2kN and 63.03kN are 
obtained for curves A, B, C and POlOdPI respectively. This decreasing order 
of load was expected since the curves with higher strength also have 
higher stiffness.
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The third criteria that can be used to determine the working load Is the load 
required to produce the permissible stress In the timber. For greenheart this 
Is 26.1N/mm^ and the load required to produce this stress was 104.52kN, 
99.78kN and 92.6kN respectively for beams with connector characteristics 
of curves A, B and C. With the POlOdPI curve the slip capacity of the 
connector was exceeded before the permissible stress reached.
These values are all shown in Figure 6.19. Usually, the working load Is taken 
as the least of the loads required to satisfy the conditions above. It has 
however been shown that the values obtained are not what was expected 
since the strongest connector gave the lowest working load, if the load 
required to produce a deflection of span/300 Is considered It is found that 
the end slip for beams with connector curves A, B and C a t this stage are 
87%, 85% and 82% respectively of their capacity. These values would be 
even greater if the load required to produce the permissible stress were 
considered. These slip would be too high since any overload may lead to 
failure of the beam. It is therefore suggested that in this case the working 
load be taken as 0.5 times the failure load. This would give values of 65kN, 
61 kN, 56kN and 37kN respectively for curves A, B, C and POlOdPI 
respectively.
The load at failure was greatest in the beam with connector curve A and 
least in the one with the POlOdPL curve as expected (Figure 6.20). This Is 
because of the increased strength and slip capacity of the connectors 
represented by those curves. Figures 6.21 & 6.22 show that the stiffness also 
increased from PO1 OdPL to curve A. The Increased strength and stiffness are 
the main benefits to be derived from on increased connector strength.
6.3.7 Effect of shape of connector curve
The beam analyzed In the previous section was once again re-analyzed 
using several shapes of connector curves having the same strength and slip 
capacity as the POlOdPI curve. As in the previous section, these curves do
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Figure 6.18 Load/slip curves analysed to determine the effect of 
connector strength.
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Figure 6.19 Working load of beam considering the different criteria.
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Figure 6.20 Effect of connector strength on faiiure load.
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Figure 6.21 Effect of connector strength on deflection.
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Figure 6.22 Effect of connector srtength on end slip.
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not represent any particular connector. The curves are shown in Figure 6.23 
with one having a straight line relationship.
Figure 6.24 shows a plot of the working load against deflection for the 
curves in Figure 6.23. The limiting critérium was the end slip a t 0.5P„. The 
beam with connectors having load/slip characteristics of curve 1 had the 
least working load. As in the previous section, this curve was the stiffest and 
one would have expected it to have the highest working load. It is 
therefore being suggested here also that the working load be taken as 0.5 
times the failure load. This give values of 47.5kN, 42.5kN, 23kN and 37kN for 
curves 1,2, 3, 4 and POlOdPI respectively.
Figures 6.26, 6.26 and 6.27 show the failure load, load against central 
deflection and load against end slip of beams with the connector 
characteristics of Figure 6.23. The results show that these properties are all 
sensitive to the shape of the curves.
6.3.8 Effect of load type
Several beams were re-analyzed using a uniformly distributed load in place 
of the concentrated loads and It was found that this had no effect on the 
behaviour of the beams.
6.4 CONCLUSION
This study has produced a number of useful results. It has shown the effect 
of various parameters on the behaviour of timber-concrete composite T- 
beams.
The strength of the concrete has no effect on the working load or stiffness 
of a beam. There is however a reduction in the failure load when a lower 
strength concrete (20N/mm^) is used. The likely mode of faiiure In this case
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is due to crushing of the concrete. The use of lightweight concrete resulted 
In a slight reduction in the working load and stiffness of the beam when 
compared with normal weight concrete. The failure load is however 
unaffected.
The width of the concrete flange had no effect on the behaviour of the 
beam. In practice, increasing the width of the flange reduces the risk of 
failure due to splitting of the shear connector in the region of the shear 
connectors. The stiffness, slip a t the interface and working ioad all increased 
slightly with the depth of the flange. Because of the increased slip, there 
was a decrease In the failure load of sections with deep flanges, failure 
being due to excessive slip at the interface.
There were increases in the working and failure loads and the stiffness of the 
beams with Increased strength of timber. Based on the results obtained, the 
effective use of SC7 and SC8 timber in composite beams should be possible 
and ought to be investigated.
The L/D ratio of a beam was found to have a significant effect on its 
strength and stiffness. Concrete failure Is most likely in shallower sections with 
slip failure In deeper sections.
The strength and stiffness of a beam was found to be sensitive to both the 
strength and shape of the connector curve. A straight line approximation 
of the load/slip curve over-estimated the working load of the beam.
More general discussion of the implication of the results in terms of design 
guidance will be leff to Chapter 7 in the context of all the results obtained.
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Figure 6.23 Curves used in the analysis to determine the effect of 
the shape of the connector curve.
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Figure 6.24 Effect of the shape of the load/slip curve at working load.
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Figure 6.25 Effect of shape of connector curve on failure load.
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Figure 6.26 Load vs deflection. Effect of shape of load/slip curve.
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Figure 6.27 Effect of the shape of the connector curve on the end slip.
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DESIGN SIGNIFICANCE OF STUDY
7.1 INTRODUCTION
Various approaches have been used in the analysis and design of timber- 
concrete composite beams. These include the transformed section method, 
the homogeneous wood section method and other methods developed 
by individual researchers. There are advantages and disadvantages associ­
ated with each of the methods and the one chosen by an engineer Is 
generally a matter of familiarity.
This chapter describes the different approaches to the analysis and design 
of timber-concrete composite beams and discusses their respective strength 
and weaknesses, it is then shown how the finite element model developed 
can be used to provide data for the design of these structures, avoiding the 
short comings of the other methods. A general discussion of the work 
carried out during this research is also presented.
7.2 GENERAL DESIGN METHODS
7.2.1 Introduction
The permissible stress design method is widely used in the design of timber- 
concrete composite beams. The loading used in this method of design is 
known as the working load and it is intended to represent the highest load
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which may be expected to occur under normal working conditions. The size 
of the members are then chosen to ensure that the maximum stress at any 
section must not exceed certain limits known as permissible stresses. 
Methods used to determine section size and evaluate the maximum stress 
vary. Some of these are described below.
7.2.2 Transformed section mettiod
In the transformed section method, the concrete section is transformed into 
an equivalent timber section by multiplying its area by the ratio of the 
modulus of elasticity of the concrete to that of the timber - known as the 
modular ratio. The equivalent timber beam is then analyzed to determine 
the state of the stresses.
This method has been used by Murthy (37), Richart and Williams (48), Pincus 
(43,44), and The American institute of Timber Construction (AiTC) (1) among 
others.
Murthy found that using the transformed section method he was able to 
predict well the behaviour of beams tested for loads below 50% of their 
ultimate load. For heavier loads the prediction was not so good and it was 
necessary to apply a factor of 0.7 to the calculated ultimate load.
Richart and Williams also found that within the working range the 
transformed section method yielded results that were sufficiently accurate 
for all practical purposes. However, as was the case with Murthy, the 
predictions at heavier loads were less accurate. Pincus on the other hand 
obtained results that showed good agreement for the curvature and 
position of the neutral axis throughout the loading history. The deflection 
prediction was not as accurate but were considered to be generally good.
The AITC recommends the use of this method in the analysis and design of 
timber-concrete beams. The American Wood Preservers Association (AWPA)
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also uses this method for beams in which the thickness of the concrete is 
more than haif the overall depth of the section. The modular ratio is taken 
as two for such beams.
7.2.3 Homogeneous wood section
in this method the beam is analyzed as a homogeneous timber beam, i.e., 
the concrete slab is treated as if it were timber with the same dimensions. 
This is an adaptation of the transformed section method with a modular 
ratio of one.
Seiler and the AWPA have both used this method in their respective works. 
The results of the beams tested by Seiler compared well with the predicted 
results, it was pointed out In his report that the properties of the concrete 
were unknown and that the assumption of a modular ratio of one may 
have been true. The AWPA recommends the use of this method for beams 
in which the thickness of the concrete is less than half the overall depth of 
the beam.
7.2.4 Other methods
Salam (49) used an equivalent section in the analysis of the beams he 
tested, in this method the beam is analyzed as a section with similar 
geometric properties and with mechanical properties determined by finding 
the average of those of the timber and concrete based on proportional 
area. The prediction of the deflection was not too good in some cases 
while the ultimate load compared well.
Rajendra and Murthy (46) developed equations for the determination of the 
moment of resistance of timber-concrete composite beams allowing for slip 
a t the interface. Equations were developed for each of the possible state 
of stress in the timber and concrete (2.3.2). The equations yielded results 
that compared well with those from beams tested throughout their loading
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history.
7.3 DISCUSSION OF ANALYSIS AND DESIGN METHODS
Murthy, Richari- and Williams found that the transformed section method 
can be used to predict the behaviour of timber-concrete composite beams 
for loads within the working range. For heavier loads the prediction was less 
satisfactory. This is because within the working range the slip a t the timber- 
concrete interface was very small, the beam exhibiting a high degree of 
composite action. At larger loads the slip is greater and the behaviour of 
the beam deviates more from that of a full composite section.
In the transformed section method the beam is analyzed as fully composite. 
Therefore, the greater the slip a t the Interface the less accurate the 
prediction of the behaviour would be. It can thus be expected that the 
type of connector In the beam would influence the results. For example, in 
the tests conducted by Murthy (2.3.1) the beams with horizontal connectors 
exhibited less slip than corresponding beams with vertical connectors. It can 
therefore be expected that the transformed section method would better 
approximate the behaviour of beams with horizontal connectors than those 
w ith vertical connectors.
Tests results obtained by Pincus compared well with those frorn the 
transformed section method throughout their loading history. These beams 
had an epoxy resin bond and were fully composite. Any deviation from the 
true values would have been due to variations in the material properties, 
especially those of the timber.
The homogeneous wood section approach generally leads to a 
conservative estimate of the section properties. Take for example the 
section shown in Figure 1.2. Assuming a homogeneous wood section, the 
position of the neutral axis is at m id-depth and the moment of inertia is
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lOOOin"*. Using the correct modular ratio, the neutral axis is 6.72 inches from 
the base and the moment of inertia is 1356in'’, which is 36% more than the 
AWPA value.
The underestimation of the section properties is probably the main reason 
why the homogeneous wood section method yields a good estimate of test 
results. Since the section is analyzed as being fully composite, what is taking 
p lace in reality is that a partially composite section is being treated as an 
equivalent smaller, fully composite section. This approach seems to be 
acceptab le judging from the results of the tests by Seiler. The accuracy of 
the results would however depend a great deal on the degree of 
composite action in the beam which is mainly a function of the type of 
connectors.
The equivalent section approach used by Salam is unique in that the 
mechanical propeities of the section is taken as that of the timber and 
concrete based on proportional area. The prediction of the ultimate load 
was satisfactory (78-93%), while that of the deflection was less accurate (45- 
78%). Salam believed that the large discrepancies in the deflection values 
were due to the modulus of elasticity of the timber being taken as that in 
tension, the compression value being Ignored. This explanation is however 
not wholly satisfactory since the timber web is predominantly in tension.
In the methods discussed so far, slip a t the timber-concrete interface is 
ignored. This is an important property in composite structure and can lead 
to serious errors. Within the working range the experimental and theoretical 
results generally shows good comparison. This is because the interface slip 
a t these loads are small and does not affect the behaviour of the beam 
greatly. With more flexible connectors, even within the working range, 
theoretical and experimental behaviour con be expected to be quite 
different. The absence of slip a t the interface of beams having an epoxy 
bond resulted in a good comparison being obtained between the 
experimental and theoretical results.
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The number of connectors required to transfer shear across the timber- 
concrete interface is evaluated based on the capacity of the connector 
obtained from push-out tests. However, the vaiue obtained from the push- 
out test is a function of the connector spacing and the properties of the 
timber and concrete. Therefore, if the strength of a connector for a 
parficuiar spacing is used to evaluate the number of connectors required 
in a beam, it would be technically incorrect to use a different spacing.
What is therefore required is the capacity of the connector for different 
spacing and material types. Knowing the shear force to be transferred 
across the interface the spacing of the connectors required can then be 
determined. Since it would not be possible to determine the strength of a 
connector for every spacing or timber and concrete property this can be 
done for range of values.
The application of a factor to the theoretical ultimate load in order to 
determine the capacity of a beam can be quite reasonable. The value to 
be used would however depend on the load/slip characteristics of the 
connector and would be a matter of experience.
The method developed by Rajendra and Murthy yielded very good results 
compared to the experimental results. However, the use of the equations 
involves a number of assumptions (2.3.2) and they are cumbersome to work 
with. As such, the equations are not suitable for everyday use in a design 
office.
The analysis and design approaches outlined above are adequate for 
many situations. However, a more detailed method of analysis is required 
to take account of the principle parameters. The finite element method Is 
such a procedure. The following section shows how this method can be 
used to provide data for the design of timber-concrete composite beams.
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7.4 APPLICATION OF FINITE ELEMENTS TO DESIGN
7.4.1 Introduction
This section shows how the finite element model developed and described 
In Chapter Five can be used to overcome the shortcomings of the present 
methods of analysis and design of partial composite beams. Since the 
model uses elements that are available in any standard finite element 
package, the analysis can readily be carried out by anyone with access to 
such facilities. It must however be emphasised that the model assumes that 
good estimates of the material properties of the different components of 
the structure are available. The methods for obtaining such data are 
outlined in Chapter Three. However, it must be realised that on analysis 
method is not readily usable as a design process as such and this chapter 
considers how the results of this work can be formulated into a design 
process.
7.4.2 Design Procedure
7.4.2.1 Theory
The transformed section method is well established and w idely used in the 
analysis and design of composite beams. This method however has the 
disadvantage of not being able to account for slip a t the interface of the 
two composite materials. As a result, the working load in a partially 
composite beam is over-estimated and the deflection under-estimated.
The objective of this section is to establish a relationship between the 
moments and defiections of a fully composite section a t working load and 
those of a partially composite section. With such a relationship it would.then 
be practical to apply the transformed section method to timber-concrete 
composite beams yielding satisfactory results.
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Consider the transformed section and strain diagrams shown in Figure 7.1. 
For a fuliy composite section there is no slip at the interface and as a result 
the strain difference is zero (b). in (c) there is o difference in strain at the 
interface as a result of slip. This strain difference is given by
6 ^ = 6 3  + 6 3  ( 7 . 1 )
adding algebraically. The section is said to be fully composite when 
equals zero.
Figure 7.2 shows the resulting stress diagrams for the fuliy and partially 
composite sections. The moment of the fully composite section is given by
( 7 . 2 )
while, for a partially composite section, the moment is given by
( 7 . 3 )
ignoring tension in the concrete, this becomes
M^=C333+C5a5 ( 7 . 4 )
The moments M and can be related by a factor (j) such that
<b=J^ ( 7 . 5 )^  M
Assuming that pure bending takes place in the fully composite beam, the 
deflection can be obtained from the equation
( 7 . 6 )dx^
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(b)
Figure 7.1 (a) Transformed section, (b) and (c) Strain diagrams 
forfuii and partiai interaction respectively.
1
(a) (b)
Figure 7.2 Stress diagrams forfuii and partiai interaction.
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Equation (7.6) is not oppiicobie to beams with incompiete interaction 
because there is more than one neutrai axis and as a resuit pure bending 
does not take place. The determination of the moment of inertia is 
therefore complex. The upper bound value is that for the fully composite 
section and the lower bound value is the sum of the moments of inertia of 
the individual components, i.e..
where = moment of inertia of the timber web, and
ic  = moment of inertia of the concrete flange.
The moment of inertia of the composite section lies between the upper and 
lower bound values and is a function of the degree of interaction 
achieved.
The deflection of the partially composite beam can be obtained 
analytically and compared with that of a fully composite beam. These can 
then be related by a factor p such that
( 7 . 8 )y
where = deflection of partially composite beam, and
y = deflection of fuliy composite beam.
if values of ^ and p can be determined by test or finite element analysis, 
then the transformed section method can be applied to timber-concrete 
composite beams, together with the ^ and p factors, to more accurately 
model the practical behaviour yielding satisfactory results.
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7.4.2.2 Analysis
The study carried out in the previous chapter investigated the effect of 
various parameters on the behaviour of timber-concrete composite beams. 
It was found that for a given set of materiais and connector characteristics, 
the L/D ratio had the greatest effect on the behaviour of the beams. The 
depth of the concrete flange had negligible effect and the w idth no effect. 
The moment capacity of the section is therefore a function of the L/D ratio.
The data obtained from the parametric study were used to determine the 
values of <j> and p for L/D ratios ranging from 15-25. Values of ^ and p were 
obtained at both the working and ultimate loads. Table 7.1 and Figure 7.3 
and 7.4 show these values and their relation with L/D.
L/D 4>D 4>u Pd Pu
15 0.81 0.41 1.50 0.81
18 0.82 0.48 1.35 0.88
21 0.78 0.53 1.16 0.93
25 0.74 0.53 1.01 0.83
A t the design moment the value of <{> increased as the L/D ratio decreased 
from 25 to 18 and then remained almost constant. This would indicate that, 
relative to a fuliy composite section, no additional benefit is gained from 
deeper sections. At the ultimate moment the order reversed, w ith values of 
^ increasing as L/D increased from 15 to 21 and then remaining constant. 
The deeper sections have a lower value of <j> because the effects of slip are 
greater, resulting in a larger variation from a fully composite section. From 
these values the relationship between ^ and L/D was determined. For 
18<L/D^5, the value of ^ can be given by
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4 > j ,= 1 .0 2 3 -0 .0 1 1 x -^  ( 7 . 9 )
For values of L/D less than 18, <j>Q Is taken as that at L/D = 18.
<|>u can be given by
4>„=0 . 11+0 . 02^  (7 . 1 0 )
For values of L /D ^ l , is taken as that a t L/D = 21.
At the design moment the relationship between p and L/D was very 
consistent and can be represented by the equation
P ^ = 2 . 2 5 - 0 . 0 5 ^  ( 7 . 1 1 )
At the ultimate load there is some inconsistency in the value of p a t L/D = 
25. This was due to the relatively early concrete failure that would be  
realised in shallower sections before the slip capacity had been reached. 
Ignoring this value, the relationship can be represented by the equation
P [^=0.51+0.02-0  ( 7 . 1 2 )
With these expressions for ^ and p the design moment and deflection of a  
timber-concrete composite beam  can be obtained by substitution into (7.5) 
and (7.8) respectively. The design process is therefore to calculate the 
moment and deflection of a fully composite section and then apply the  
correction factors <j and p for partial interaction.
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7.5 GENERAL DISCUSSION
In carrying out the studies presented in this thesis a number of important 
observations have been made. A general discussion of these follows.
7.6.1 Push-out tests
The objective of the push-out tests was to obtain the load/slip 
characteristics of the shear connector investigated for various conditions. 
Fifty seven push-out tests were carried out and, in retrospect, the author is 
of the opinion that more benefit would have been gained if the tests were 
better distributed. That is, instead of 34 tests at lOd spacing and three at 
others, 10 tests could have been done at each of the spaclngs. The results 
showed that the spacing of the connectors, the width of the timber and  
bond and friction a t the timber-concrete interface have varying effects on 
the strength and stiffness of the joint. The spacing of the connectors does 
not have a significant effect on the joint stiffness but more on its strength. 
This implies that the strain differential effect between the timber and  
concrete was not significant. However, if the connectors are too closely 
spaced the concrete section will tend to splay outward as the load on the 
specimen increases. This would cause a separation of the timber and  
concrete along the interface, resulting in a reduction in the joint stiffness.
The failure of the push-out specimens was predominantly in the concrete. 
As the connector spacing decreased this mode of failure is more likely as 
a  result of high localised bearing stresses causing the concrete between the 
connectors to split. Thus, strength Increased with the spacing but there is an 
optimum value beyond which strength will decrease. With too large a 
connector spacing, the concrete slab and timber beam  will separate 
resulting In reduced strength.
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The width of the timber affected both the strength and stiffness of the joint. 
This is because the smaller section timber offered a reduced edge distance, 
thus increasing the chance of splitting in this element. Also, the resistance 
due to bond and friction increases with the width of the timber, resulting in 
increased strength and stiffness.
The scatter observed in the results of the push-out tests were due to 
variations in the properties of the timber and concrete, the method of 
construction, experimental errors and other uncontrollable factors. It was 
found in previous work (33) that horizontal casting of the slabs leads to 
results with less scatter. This is because there is less likely to be voids in the 
region of the connector shanks when horizontal casting is used.
The effect of bond and friction was investigated by separating the timber 
and concrete with a  sheet of polythene. This served to prevent bonding 
and minimised the friction between the materials. The results of the tests 
indicate that bond and friction do enhance the performance of the system.
One species of timber and one strength of concrete were used throughout. 
However, since the failures in these materials were localised in the region 
of the shear connectors, it can be expected that the material properties 
would affect both the strength and stiffness of the joint. These factors would 
have a  greater effect on the ultimate load behaviour of the beams than 
on their design since the latter is for the working load only. It is also 
important to note that the maximum load resisted by the specimen does 
not indicate the full capacity of the connectors since all but two of the 
specimens failed in either the timber or concrete. In order to determine the 
full capacity of the connector It would be necessary to carry push-out tests, 
or beam  tests, which are intentionally designed to provide failure of the 
shear connectors, for example by providing a  larger size wood member 
and more widely spaced connectors.
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7.5.2 Beam tests
The beams tested were constructed with and without polythene at the 
Interface. Those with polythene exhibited greater slip and as a  result of the 
reduced composite action, the vertical deflections were greater. The extent 
to which the absence of bond and friction contributed to the increased 
deflection of the beams was shown In Figure 4.8. The reduced strength In 
the beams with polythene at the interface were as a  result of the absence 
of bond and friction and also due to the defects In the timber. The defects 
however had no effect on the stiffness of the beams. The beams with 
polythene provided a lower bound and it is recommended that this be  
used in design since the bond between the timber and concrete is easiiy 
broken in bridges and cannot be relied upon to resist any load.
It has been shown that in a beam  the number of connectors will affect 
both strength and stiffness. For a  given degree of shear connection, loss of 
interaction due to slip increases as flexural failure is approached, but in a  
given beam  the corresponding loss of strength can be reduced by 
providing more shear connectors, hence reducing the connector spacing.
The use of Money's equation, demonstrated in 4.7.2, showed the effect of 
end slip on the overail stiffness of the beams, in one of the beams a t the 
relatively low load of 20kN the deflection computed by means of Money's 
equation was as much as 38% less than the actual deflection with the 
corresponding value for another only 10.5%. This difference was due to the 
Increased slip at the interface of the beams with polythene. The results of 
the beam  tests showed that the stiffnesses were in two distinct groups, those 
with polythene being much lower than those without (Figure 4.8.
Bridge structures by nature are subjected to repeated loadings. Based on 
the results of previous studies (31, 48) it does appear that this type of 
loading would not have any unexpected detrimental effect on the 
behaviour of timber-concrete composite beams. This is supported by the
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results of the limited repeated loading tests carried out as part of this study.
During the unloading of the beam  it was found that the slip was not 
recoverable. On reloading the beam  the load/deflection curve was linear 
up to the previous highest load and it was observed that there was no 
significant increase in the slip. This confirms that the non-linearity in the 
beam  was due to slip a t the interface.
Two of the seven beams failed in the concrete with the others failing in the 
timber. While there were warnings such, as cracking sounds and physical 
evidence of deterioration of the timber, well in advance for the beams that 
exhibited timber failure, the concrete failures were sudden. For this reason 
concrete failure in this kind of structure is undesirable and the design should 
be such that the primary mode of failure will occur in the wood.
As the strength of the concrete increases, the stiffness generally increases 
and, because of the flexibility of timber, a  high strength concrete serves well 
to Increase the overall stiffness of beams. The other alternative is the use of 
a  lightweight concrete. The modulus of this concrete is less than that of 
normal weight concrete and as a result the beams would be less stiff. 
However, since a reduction by as much as 35% in the dead load can result 
when lightweight concrete is used, compared with normal weight concrete, 
there may be some advantages in using lightweight concrete. For beams 
m ade from normal weight concrete, the deflection due to dead  load will 
be greater than if a  lightweight concrete is used. However, the iive load 
deflection would be less for the beams of normal weight concrete. 
Therefore, in deciding which type of concrete should be used, the 
expected dead and live loads ought to be taken into consideration. For 
shorter span bridges where the live load may be high com pared with the 
dead ioad, beams m ade from normai weight concrete m ay be  
advantageous. On the other hand, as the span increases the ratio of dead  
load to live load also increases and beams m ade from lightweight concrete  
may be more suitable.
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other advantages associated with the use of lightweight concrete are:
(a) lightweight concrete lends itself better to unshored construction 
because of the reduced weight,
(b) the reduced dead load will allow savings in timber and reduced  
construction depths,
(c) the reduced weight of the structure on the foundations, and
(d) a reduction in transportation cost if precast.
7.5.3 Analytical study
The analytical model developed has provided information which has 
helped to better understand the behaviour of timber-concrete beams. The 
analyses were carried out using the finite element package LUSAS qnd it 
has been shown that beams can be represented by a  model using 
equivalent standard two dimensional elements. This model was used to 
carry out an extensive study to determine the effect of the main 
parameters on behaviour of the beams at both the working load and  
failure. The L/D ratio and the connector characteristics had the most 
significant effects. The results also show that for high connector stiffnesses, 
the linearity in the load/deflection relationship of the beam  is increased. This 
Is in agreem ent with the earlier findings that the non-iinearlty in the beams 
was due to the slip a t the interface. The model predicted the stiffness of the 
tested beams very well. A full three dimensional model would however be  
needed to evaluate the internal stresses in the materials. The model 
developed can be used to estimate the strength of the beam  by 
comparing the stresses in the timber and concrete elements with the 
strength of the materials or by comparing the slip a t the interface with the 
slip capacity of the connector. This would however not predict localised 
failure such as cracking of the concrete in the region of the shear
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connectors and knots in the timber.
The use of lightweight concrete in the parametric study was shown to have 
littie effect a t both the working and failure loads. The connector 
characteristics used in the analysis was however that for normal weight 
concrete. In reality the curves may differ with the lightweight concrete 
being less stiff. This may have little effect on the working load of a beam  but 
a  greater effect on the strength.
7.5.4 Design
The usual practice in the design of composite beams is to provide sufficient 
shear connection to minimise the effect of slip. In some situations, it may be 
feasible to use fewer connectors than the number required even though 
this m ay lead to increased deflection and lower ultimate strength. For 
example, when the sizes of the concrete and timber members are 
governed by other criteria, it may be found that when the fuil number of 
shear connectors is provided the stiffness and strength of the composite 
m ember are excessive. The number of connectors that will just provide the 
strength and stiffness required can be used in these situations.
The design equations developed showed how the well established 
transformed section method can be used in the evaluation of the reduced  
moment and increased deflection in timber-concrete beams due to slip a t 
the interface.
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CinlÂlFf IDSInlT
CONCLUSIONS AND FUTURE WORK
8.1 CONCLUSIONS
It is clear from the study presented that only a limited amount of theoretical 
and experimental work exists on the behaviour of timber-concrete 
composite beams. This thesis has attem pted to systematically present the  
development of suitable analytical and experimental models so as to better 
understand the behaviour of these structures and to provide information for 
use in the formulation of design equations. Experimental studies have been  
performed on push-out specimens and T-beams and analytical studies 
carried out using a  fully non-linear finite element package, LUSAS. Design 
equations have been formulated, based on the well established 
transformed section method of analysis.
The major findings from this study were:
(a) The degree of bonding between the timber and concrete affects
the performance of the structure.
(b) The overall stiffness in the beam  decreases as a result of slip along
the interface. This effect can be investigated by a procedure
developed by Money.
(c) The non-linearity in the structure is probably primarily due to the  
discontinuity caused by slip at the interface.
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(d) The number of connectors in a given length affects the strength of 
the beam.
(e) A simple connector model can be used for the range of stiffnesses 
modelled experimentally.
(f) The properties of the constituent materials of the beam  had varying 
effects on its performance.
(g) The working load of beams with high connector stiffness properties 
can be taken as half the ultimate load of the beam.
(h) The transformed section method can be modified to allow for slip at 
the interface.
It has been shown that the degree of bonding at the timber-concrete 
interface had a  significant effect on the strength and stiffness of the 
structures. This was evident In both the push-out and beam  tests when a  
sheet of polythene was placed between the two materials. Because of the 
reduction in friction and bond the slip increased with the presence of the 
polythene and as a  result, the strength and stiffness decreased. Using a  
procedure developed by Money, the effect of slip on the stiffness of the 
beams was investigated and it was found that slips which may appear 
insignificant can result in substantial stiffness reductions.
When the beams were unloaded during testing It was found that the slip 
was not recoverable. On reloading there was no significant increase In slip 
up to the previous highest load. During this reloading phase it was also 
found that the load/deflection relationship was linear. From the parametric 
study it was observed that, for high connector stiffnesses, the 
load/deflection relationship was also linear. It was therefore concluded that 
the non-linearity in the beams tested was due primarily to slip a t the 
interface.
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The number of connectors in a  given iength of beam  hod iittle effect on its 
stiffness. It was thus concluded that the strain differential effect was not 
significant. The number of connectors was however found to affect the 
strength of the beams. The strength increased with the number of 
connectors up to a certain optimum number but will reduce thereafter due 
to concrete cracking between the connectors.
Two analytical models of the timber-concrete beams were developed. One 
consisted of a  simple connector model and the other a more complex 
model. They were both found to predict the stiffness of the beams tested 
very well. However, in carrying out the parametric study it was found that 
the simple model was not suitable for high connector stiffnesses. Because 
of the ease in data preparation and substantial reduction in computer time, 
the simple model is recommended for use when the connector stiffnesses 
are within the range of those tested experimentally.
The effects of the properties of the constituent materials and the geometry 
of the beam  were investigated by means of a parametric study. The 
strength and density of the concrete were found to have little effect on the 
behaviour of the beam  a t its working load of the beam. The strength of the 
timber had a greater effect but this too was not significant. The 
characteristics of the connector curve and the span/depth ratio of the 
beam  influenced the performance greatly. Because of the substantial 
reductions that can be achieved in the dead load of a beam , the use of 
lightweight concrete is recommended for longer spans.
The analysis showed that when the criteria used to define the working load 
(6.2) are applied, increasing the connector stiffness resulted in a  decrease 
of the working load, even though the failure load and overall stiffness of the 
beam  increased. This is contrary to what one may logically expect but is as 
a  result of the lower slip at 0.5?  ^ from the push-out tests for stiffer 
connectors, it was found that by taking the working load as half the failure 
load of the beam  more sensible values were obtained, it is therefore being
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suggested that this critérium be applied to beams with high connector 
stiffness.
In the conventional design of composite beams, the transformed section 
method is used with slip a t the interface being ignored. The effect of this is 
usually not significant in steel-concrete composite beams because of the 
relatively high connector stiffness. In timber-concrete composite beams the 
connectors are usually much less stiff and it has been shown that ignoring 
the slip can lead to non-conservative results. This study has shown how, 
using information from the analytical study, design equations based on the 
transformed section method can be formulated. These will give a much 
better prediction of the performance of the beams.
it can be concluded overall that the analytical model developed can be  
used to predict the behaviour of timber-concrete composite beams with 
incomplete interaction through to failure. Equations based on the well 
known transformed section method can be used in the analysis and design 
of these beams.
8.2 FUTURE WORK
It was noted in Chapter Three that fatigue effects on the shear connectors 
due to fluctuating loads are not likely to be significant in timber-concrete 
composite beams. This is because there is not likely to be  any stress 
concentration a t the interface due to the low bearing stiffness of the 
timber, it is however important that this, along with the effect of impact 
loading, be investigated.
Various types of shear connectors need to be investigated in order to 
determine their efficiency. This should include push-out and beam  tests.
The behaviour of push-out specimens and beams m ade of lightweight
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concrete.
The behaviour of structures m ade from lesser known hardwoods (SC8 and  
SC7 timber.
The finite element model developed was validated with d a ta  from the 
beams tested in the laboratory. It is however desirable that the validity of 
this model be confirmed for full size beams. This can be achieved by 
monitoring existing structures or by constructing and testing full size beams.
The structural optimization of timber-concrete composite beams utilising 
optimization theory and finite elements.
There is a growing interest in the use of timber-concrete composite 
structures In countries where hardwood is cheap and readily available. As 
yet, the use of this form of structure is not widespread. From an economical 
point of view It is known that it is feasible. This work shows the structural 
efficiency of such sections and provides a simple design method, it is 
therefore envisaged that this will lead to greater use of timber-concrete 
beams in the construction industry and, as a  result, more research will be  
encouraged.
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AIPIPEIMDIIX A
CALCULATION OF SECTION PROPERTIES OF CONNECTING ELEMENTS.
The calculation of the properties of the connecting elements used to 
represent the connectors of beams #1, #2 and #3 tested in the laboratory 
as part of this research and classified as group A are presented in this 
section.
Figure A1 shows the load/slip curve for a  connector at lOd spacing. The 
stiffness (load/unit slip) of each segment of the curve was evaluated and  
are given in Table A1.
The composite beams consist of 24 connectors each. These are modelled 
by 40 connecting elements which are 100mm long (b), 100mm deep (h) 
and 1mm thick with a  Poisson's ratio of 0.3. The number of studs per 
connector is therefore
24/40 = 0.6
and the equivalent stiffness of the connecting elements are
= 0.6K
This gives the values in column 4 of Table A1.
Using eqn. (5.1), the equivalent Young's modulus, E, of the connecting 
element is then
B=2X-*I th^
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2 . 4 x 1 0 0 ( 1 + 0 . 3 )  , 10Q31 100x1 Ix lOC
= 8.24K^
The equivalent values are evaluated from this relationship and are shown 
in column 5 of Table AT.
Table AT
Load(kN)
(1)
Siip(mm)
(2)
Stiffness
(N/mm)
(3)
Equivalent
stiffness
(N/mm)
(4)
Equivalent
Young's
Modulus
(N/mm^)
(5)
0 -2 .5 0 0 - 0.04 6.25E4 3.75E4 3.09E5
2.50 -5.79 0.04 -0.25 1.57E4 9.42E3 7.76E4
5.79-
10.00
0.25 - 0.65 1.05E4 6.30E3 5.19E4
10.00-
15.88
0.65- 1.27 9.48E3 5.69E3 4.69E4
15.88-
20.22
1.27- 1.86 7.36E3 4.42E3 3.64E4.
20.22 - 
23.16
1.86-2.39 5.55E3 3.33E3 2.74E4
23.16-
25.33
2.39 - 3.00 3.56E3 2.14E3 1.76E4
25.33 - 
26.27
3.00 - 3.50 1.88E3 1.13E3 9.30E3
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MEAN CURVE FOR lOd PUSH-OUT SPECIMEN
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M M
LUSAS INPUT DATA FILE
PROBLEM TITLE 
UNITS N MM G 
OPTION 2 TITLE -
NONLINEAR ANALYSIS OF BEAM
SUPPRESS NODE COORDINATE CHECK FOR SIMILAR AND 
MISSING NODES
OPTION 30 TITLE - OUTPUT FINAL NODE COORDINATES IN ASCENDIING 
ORDER
OPTION 40 TITLE - SUPPRESS NODAL DISPLACEMENT (INCREMENTS FOR 
NONLINEAR PROBLEMS
OPTION 44 TITLE - SUPPRESS EXPANDED INPUT DATA PRINTOUT EXCEPT 
LOAD CASES
OPTION 45 TITLE - SUPPRESS EXPANDED INPUT DATA PRINTOUT FOR LOAD 
CASES
QPM8 ELEMENT TOPOLOGY 
FIRST 1 1 7 1314 15 9 3 2 
INC 2 12 12 12 12 12 12 12 12 40 
INC 1 3  3 3 3 3 3 3 3  2 
FIRST 81 487 488 489 490 16 10 4 491 
INC 2 5 5 5 5 12 12 12 5 40 
FIRST 82 487 488 489 687 15 9 3 688 
INC 2 5 5 5 2 12 12 12 2 40 
BAR2 ELEMENT TOPOLOGY 
FIRST 161 3 4 
INC 1 12 12 41 
SOLUTION ORDER AUTOMATIC 
NODE COORDINATES 
1 00
481 4000 0 
2 0 75
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3 0 150
4 0 150.1
5 0 187.6
6 0 225.1
482 4000 75
483 4000 150
484 4000 160.1
485 4000 187.6
486 4000 225.1
487 0 50
488 50 50
489 99.9 50
490 99.9 100
491 0100
687 99.9 100
688 0100
682 3900 50
683 3950 50
684 3999.9 50
685 3999.9 100
686 3900 100
765 3999.9 100
766 3900 100 
SPACING
1 481 6 80*1
2 482 12 40*1
3 483 6 80*1
4 484 6 80*1
5 485 12 40*1
6 486 6 80*1
487 682 5 39*1
488 683 5 39*1
489 684 5 39*1
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490 685 5 39*1
491 686 5 39*1
687 765 2 39*1
688 766 2 39*1
QPM8 GEOMETRIC PROPERTIES
1 79 2 75 75 75 75 75 75 75 75
2 80 2 300 300 300 300 300 300 300 300 
81 160 1 1 1 1 1 1 1 1 1
BAR2 GEOMETRIC PROPERTIES 
161 201 1 175 175 
MATERIAL PROPERTIES 
161 201 1 2E6 0.3
MATERIAL PROPERTIES ORTHOTROPIC
1 79 2 2.77E4 1.66E3 1385 0.2 0 1.5E-3 0 0 0 0 
MATERIAL PROPERTIES NONLINEAR 24
2 80 2 3.2E4 0.15 2.3E-3 0 0 30 0.3 4.4 0.002 3 
MATERIAL PROPERTIES NONLINEAR 72 7
81 160 1 4.64E5 0.3 0 0 0 22.5 1.16E5 5.25E-4 7.79E4 1.53E-3 7.04E4
3.08E-3 5.46E4 4.55E-3 4.11E4 5.88E-3 2.64E4 7.4E-3 1.39E4 8.65E-3
SUPPORT NODES
1 3 0 0  RR
469 0 0 F R
LOAD CASE
CL
186 306 120 0-500  
NONLINEAR CONTROL 
INCR 1 D 0 4 
ITER 20 3 0.4 
FIRST MNR 
INC (21)
CONV 0 0 0.2 
OUTPUT 0 1 0 0 
TERM 90 100
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